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ABSTRACT 
In the metal cutting process of drilling; a great deal of atten- 
tion has,, been focused on the. geometrial aspects and design of a dr.ill- 
--■•Jing tool, but in recent years, another non-geometric dimension has been 
added to the drill design in order to further improve the tool's per- 
formance and life.  This dimension is in the area of applying various 
types of surface coatings to the drill surface or cutting lip by 
various means of chemical deposition processes.  The application of 
,?
' these various coatings reduces the amount of friction at the tool-chip 
interface, thereby, resulting in lower cutting temperature and reduced 
w§ar rate. 
Developments are still being made to improve"the substrate 
deposition processes and the chemical compositions of the coatings' 
available today, but the major purpose of this study is to investigate 
the effect various types of these coatings have on the performance and 
tool life of the drills.  Thr.ee case coatings are tested and these 
are: (l)' Titanium Nitride Coated Drills, (2) Black-Oxide Coated Drills, 
(3) Steam Oxide Coated Drills (Bright Finish).  The performance of 
these three different drill coatings are investigated, using the 
torque, thrust, wear and hole surface finish as the measures of per- 
formance. 
Data is collected for 100 holes from a drilling operation of each 
« 
of these drills under same standard cutting conditions.  The analysis 
first is done to determine if there is any significant difference be- 
tween the three types of coated drills.  Once this is established, a 
regression-analysis is performed on the influencing variable parameters 
y- <: ■   ■ 
that cause wear a'nd affects surface firn/ih  at the given cutting condi- 
tions, ^340 steel being the work material. 
The results indicated that there is a definite relationship be- 
tween the type of coating and the rate of wear of the drills.  This 
conclusion is confirmed by a comparison of the grand mean average of 
the torque^ thrust, suraace finish and the measured wear values for the 
thrae different coatings.  The results indicate that, the less effective 
tne poating, the higher the torque and thrust output, and the faster 
the rate of wear of the drill.  It was also determined that the style 
of the drill (Standard "or Hy-SpiralJX goes a long way in affecting the 
drilling forces.  For the drills in which the two styles were tested, 
the torque and thrust output for the Hy-Spiral was considerably lower 
than for the Standard*^drill type, even though the wear rate was faster. 
■-J, 
This outcome is due to e^sy chip removal provided by the Hy-Spiral 
flute.  On the other hand! it was more difficult to make a definite . 
conclusion on how these coatings affect the hole surface finish, 
except in the case of the TiN drills where the profound effect of the 
harder, tougher and more resilient coating resulted in the best hole 
surface quality. 
On the whole, the Titanium Nitride coated drills gave the best 
performance;' followed by the Black-Oxide Coated drills, and last- is the 
Steam Oxide Coated drills.  The conclusion was reached based on the 
SteffectiveneS^of the coatings in reducing the drilling forces and the 
wear rate. 
«* 
INTRODUCTION AND OBJECTIVES  . 
The drilling process has been the object of research over the 
years along with other metal cutting processes such as turning and 
milling.  These investigations in drilling have dealt in-depth with 
,.. the design, mechanics and geometrical aspects of the process itself. 
Typical of some of these previous investigations are the noted works 
of Oxford, Haggerty and Galloway [1,2, and 3 respectively]. Recently - 
though, a new set of space age drills have emerged in the form of 
coated drills in an attempt to improve performance. 
Since the advent of coated dnjlls, much research has been 
conducted in the areas of improving the kind and quality of coating 
used. Many experiments have been conducted in testing alternative ways 
of depositing the coatings.in such a way as to create potentially 
durable and successful cutting tools, but more still needs to be under- 
stood about the effect of the coatings on the performance of the drill 
itself. 
/ This study does not emphasize the chemical aspects of coating 
the drills, but instead, it is concerned with a basic investigation- 
of the coated drills in the drilling process.  The main objective 
is to examine the effect of the various types of coatiags and drill 
style on the operating performance and tool life.  The operating 
performance is assessed by means of torque, thrust, wear and the hole 
IS! 
surface finish. The torque, thrust and x-y radial forces are measured 
using the Kistler Drill Dynamometer, which was interfaced to an 
industriaj/control system to[obtain the forces as a direct digital out- 
put from the DEC PDP 11/34 Minicomputer.  The drill wear was measured 
under a microscope at intervals of five holes, while the hole surface 
finish was measured using a Surf Test instrumentation unit in the Manu- 
facturing Laboratory. \ 
In specific terms, basically three distinctive\types of coated 
X
'   \     - '■ ■""" A drills are involved, in this investigation. • All the drills have the 
\        .        ■  '    . 
same geometric characteristics, and are all of -s inch diameter.  The 
only difference is the coatings and these are: (1) Titanium-Nitride 
(TiN), (2) Black-Oxide (BOX), and (3) Steam-Oxide (SOX) or Bright 
Finish.  In' setting up the experiment, two drills are used from each 
of the above categories, and t-he experimental data are statistically 
analyzed with the purpose of determining: 
(1) The effect of the three types of coatings on torque, thrust, 
wear and surface finish. 
^^^ (2) The correlation of the effect of the coatings on dri\led 
hole Surface quality. 
The work is aimed at establishing a basis for dr,ill coating 
selection and application, depending on the surface finish requirements. 
■V 
BACKGROUND INFORMATION \. 
Historical Development of Coated Drills   .    .. 
The idea for this thesis topic was derived from a basic interest 
in the mechanics of the metal cutting processes, and the focus on the 
drilling operation stems from the fact that drilling/is one o'f the most 
prevalent "of all the metal cutting processes. 
Since ancient times, when the drilling process was first discover- 
ed, a great leap has been made in establishing the process and its 
mechanics as a science rather than an art. Due to human desire for 
improvements and experimentation, we have gone from cast iron drills 
to drills made of different combination of alloys for improved perform- 
ance and properties.  Ways are being found constantly to get a tool 
that is harder, tougher, more resilient and generally better in per- 
formance and this process of experimentation and adaptation has now 
pushed the drilling process into a new dimension.  In early research 
efforts, the main attention was focused on the geometrical character- 
istics, design and the mechanics involved in the drilling process it- 
self.  These previous studies covered a wide range of topics relating 
to the drills, the machines and the drilling process. 
Even now, many" studies are still being conducted in these above 
areas, but the focus has now shifted to finding ways- of improving drill 
performance by utilizing other durable and resilient materials,as coat- 
ings.  In other words, more attention is now focused on the chemical 
processes and material composition of durable alloys that would greatly 
maximize the drill performance.  Two examples of t;he coatings, currently 
in use are (1) Titanium Nitride and (2) Black-oxide. This focus on  V. 
using other alloy substrates as coating has now gained considerable 
ground due to the lessons learned in the field of coated carbide inserts 
over-the -last two decades.  The gains in performance and the associated 
cost savings, by the coated carbide^ inserts prompted the interest of 
researchers to apply the same principles to the drilling process, and 
it.is just now starting to pay off.  To effect a quick transformation 
and acceptance of this new set of coated drills, much of the development 
and research involved have been spearheaded by the aerospace industries, 
the military and companies' like TRW, and-Guhring Inc. Many more small 
and medium-sized companies have now entered this field and many more 
developments are being made, most especially' in the ways various 
chemical processes could be used to improve substrate alloy compositions 
and the processes of depositing the substrate-s on the drills. / 
In drilling industries, the golden-hued coating of Titanium Nitride 
is one of the most important and most durable of all the coating materi- 
/ 
als being used today; and it is fast revolutionizing both/ the appearance' 
and th3 performance of high speed steel metal cutting pools.  The new- 
ness of this application of substrate coating to drills is evident in 
fact that the first commercial offering of TiN-coated HSS drills in the 
United States was made not until early 1981 by Guhring Inc., Brookfield, 
Wisconsin. On the other hand the appeal generated within this short 
period resulted in more than a dozen tool companies entering the- field, 
adding a wide range of other potential coatings to the U.S. tool market. 
With this new metallurgical procedure, tool life rises as much as- 
tenfold; metal-removal rates can sometimes be doubled; and the drill 
can  be reground many more times before being discarded.  All these 
advantages resulted in reduced turn-around time and lower tool, opera- 
ting and overhead costs.  The combination of high hardness, wear resist- 
ance, thermal and chemical stability that's characteristic of these 
new alloys substrates provides a unique set of physical properties 
which, when properly applied can yield excellent tool life and surface 
finish, as well as decreased machining time through higher cutting 
speeds and feeds.  This all combines to be making the new coated drills 
more appealing and more cost effective than uncoated drills. 
Drill Tool Geometry 
Given the importance of holes in manufacturing, the drilling tool 
is one of the most widely used and most complex of all cutting tools. 
There are various types of drills in use today, with the twist drill 
being the most widely used.  In principle, the mechanics of all drill- 
ing tools stay the same but in practice, geometic variations in the 
design of the drills determines how complex the mechanics really are. 
For a typical drill, both the geometry and the velocity of the cutting 
edge are not constant as with many other processes, but vary along the 
cutting edge.  The central part of- the drill point typically has a 
chisel shape, and the body of the drill will have flutes characterized 
by their cross-sectional shape and helix angle.  The conventional 
twist drill point which has remained virtually unchanged for over 100 
years, has the general configuration shown in Figure 1. 
The cutting elements comprise two main cutting edges or lips lying 
in parallel planes displaced from each other by a distance equal to the 
thickness of the web.  These are connected   by a secondary cutting 
edge (or chisel edge) which is formed by the intersection of the flank 
surfaces extending back from the main cutting edges.  Relief or clear- 
ance for the main cutting edges is provided by the contour of the flank 
surfaces, which usually are generated by engagement with the plane sur- 
face^of a grinding wheel, or a peripheral grinding surface of relative- 
ly large radius.  Point angles for twist drills are customarily 118 deg, 
but may vary from about 60 to 180 deg. for various materials or special 
classes of work [4].  In this study, the point angle is 115 deg. for all 
the drills. 
During drilling, the point of the drill is the first part that 
penetrates into the material.  It is also the only part of the drill 
which needs to be ground by the user in order to renew the drill or 
to change its cutting angle for different work materials. The point of 
the twist drill is the focus of the cross-sectional shape perpendicular 
to the axis of the drill; the relief (clearance geometry) of the lips; 
and the helix angle of the flutes.  These together create the cutting 
and clearance angles, the cutting edges, the web, and the chisel edge 
in the center of the drill point. The point is the most sensitive part 
of the drill and any small variations in geometry or symmetrical errors 
can have a very strong influence on the drill performance.  Because of 
this, much refinement of the drill geometry has been accomplished over 
o       MAIN   CUTTING    EDGE 
A 
EDGE 
RADIAL RAKE(*r) 
AXIAL RAKE l^o)'   a.fc 
^ 
■^ 
Drawing of  conventional twist  drill,  showing' chisel  edge 
Figure 1: Drill Tool Geometry 
the years, so as to minifoize these variations. Part of this is achieved 
in the design of the drill press itself so as to reduce vibrations and 
other forces to the minimum, which is evident in the high degree of 
dimensional accuracy possible in the drilling process today." 
Previous Works 
Given the importance of the drilling process in production, many 
studies have been conducted over the years, directed at improving and 
uaderstanding the process. 
In the work conducted by.Cook.[5], titled "Sensing of Drill Wear 
and Prediction of Drill Life," an attempt was made to predetermine the 
economic life of a tool by the extent of wear of the tool, under a given 
set of cutting conditions and material hardness.  This study focuses on 
the derivation of a predicting model equation that takes into account 
the variations in the material hardness, the torque, thrust, wear of 
tool, diameter of drill and" radius of the cutting edge. 
Drill Life vs. Hardness of the Work Material; To study the ■ 
influence of wbrkp'iece hardness on drill life, workpieoes of different 
hardness values were used. One drill was run at each hardness value 
until the tool failed, making the end of tool life. According to this 
study, test results "showed that workplace hardness explained half the 
variations in tool life" despite the presence of significant variations 
in many of the variables listed before." 
Torque, Thrust and Power as Variables for Tool Wear Sensing; 
During the life of the drills in the above mentioned study by Cook, a 
10 
careful monitoring of the values for the torque, thrust and power were 
made along with the corresponding wear measurements. The results show, 
that "In general, the wear observed on a drill is extensive on the 
flank of the tool but negligibly small on the-rake face.  It %s  known 
that the flank wear of the tool increases rapidly at the end of tool 
life." If it is true that the torque and thrust values vary with the 
flank wear, then the changes in these variable.should be significant 
and rapid at the end of the drill life.  This fact holds true in a 
similar experiment conducted by the author. The study indicates that a 
gradual increase in the flank wear is accompanied by a similar increase 
in torque and thrust. ' These components are of interest in^sensing drill 
- wear, but it has also determined that a "reliance on'this for tool wear 
detection may lead to excessive tool wear and even catastrophic failure 
of the tool.  In conclusion, the author notes that "unless the hardness 
value of the workpiece is closely controlled, thrust and torque forces 
cannot be used as a meaningful variable for sensing drill wear." 
Details about the experimental results could' be found in reference [5]. 
An investigation of physical and statistical characteristics of 
the wear at the drill point and drilling forces in drilling operations 
„ is presented in the work of M. Kanai [10] as the basis for developing 
a standardized drill performance test.  Based on a large number of tests 
of drilling performance under specified controlled conditions, the outer 
corner wear, among seven types of wear measured in this study, is 
recommended as a measure of performance index in a standard test, be- 
cause of the relative ea'se of measurement and the close relationship 
11 
between this' type of wear and the drill life.  The type of machine 
' tools used for, the  asts was found to have significant effects on the 
property of the outer corner wear curve and therefore on the drill, life. 
This suggests that" the standardized test should take the relationship 
between the drill wear and the dynamic rigidity of the machine tool 
into consideration.  The drill life, outer corner wear and cutting 
forces are statistically determined to follow the logarithmic normal 
distribution.  From this, it is concluded that the statistical methods,,' 
based on the normal distribution model are applicable to the design of 
experiments and data processing. 
The study of Ham [13] on "Effects of Built-up Edge in Drilling"   ^ 
takes into account four different work materials with a twist drill 
at different cutting speeds and feeds.  Under dry test conditions, 
the chip-flow angles, normal rake angles, and web angles with built-up 
edge were measured and correlated with inclination angles and effective 
rake angles.  A comparison of the angles with and without built-up edge 
showed that the built-up edge significantly affects the basic mechanics 
of drilling.  For the four materials considered in the study, AISI-1015 
steel, AISI 4340 steel, 304 stainless steel, built-up edge was observed, 
a 
except in drilling Titanium alloy 6AI-4V.  In this case, the freezing 
and chipping that causes built-up edge and wear is reduced by the 
resiliency and toughness of the TiN alloy to the "size effect" that 
causes it.  For more in-depth coverage, refer to [1] and [13],  In the 
research covered by.this thesis, the author took a great interest in 
observing the effect of "built-up edge" on the three types of coated 
drills used.  The observations in the experiment agree to a great 
12. 
extent with the conclusions made by Ham [13].- For example, the 
built-up edge effect occured very frequently while using the Steam oxide 
and Black oxide coated drills, but for the Titanium Nitride drill, it 
was practically non-existent., - 
The next study to be discussed appeared in a special report of the 
American Machinist of March 1983 [19], and the basic topic deals with 
the new generation of coated drills and its revolutionary effect in HSS 
tools.  Beginning with the advent of coated carbide inserts, it has 
always been wondered how and why a microscopically thin surface coating 
should be able to provide the degree of protection that it can, even 
when that coating has been removed from some of a tool's surfaces by 
wear that may exceed the depth of the coating and by regrinding.  In a 
paper presented by Wright [20] cited in [19], seven mechanisms of wear 
that affect the performance of a cutting tool were described.  This 
paper tries to relate the effect an inert coating, .such as TiN might have 
on these seven mechanisms, depending on the cutting conditions. One of 
the prominently discussed mechanisms is adhesion.  Wright cited that 
in his experiments with TiN coated T6 powder-metal HSS tools, the 
coatings were found to (1) reduce to a substantial degree, the contact 
length at the chip-tool interface, (c2) thereby, reducing the tool 
temperatures, (3) consequently reducing adhesion wear near the cutting 
edge and also reducing the amount of superficial plastic deformation in 
the crater regions, and (4) because of the reduced adhesion and reduced 
tendency to form a BUE, a better surface finish was produced. 
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The application of coatings to HSS tools have a beneficial effect 
in reducing all wear mechanisms because the coatings act to minimize 
tool temperatures and,, therefore, the thermal weakening of the tool 
material.  In effect, the end benefit of these coatings is that the 
lower temperature results in reducing both the superficial plastic 
deformation and the plastic deformation of the cutting^edge, thereby- 
reducing the wear rate and increasing tool life. 
The current consensus among experts in the tool-coating area is 
that titanium nitride is today the most advantageous material with which 
high-speed-steel cutting tools can be coated.  Many of these experts 
hint that current research almost invariably "in stages too early to 
divulge"~in4icates that other coating materials being developed will 
• ■■."■ ' « 
surpass the performance of TiN.  Some of the potential new coatings 
include Cubic Boron Nitride (CBN) which is the second hardest substance 
behind Diamond; Titanium Carbide (TiC) and Chromium Carbide (Cr3C2). "." 
One final research study that should be mentioned concerns an 
accelerated laboratory test at TRW, in which a soft 1018 steel was 
drilled to a depth of 12 times the diameter of the tool.  In the 
experiement, three \  inch tools of the same style and manufacture were 
used. Machining parameters were set at extremely high conditions.to 
test the heat barrier characteristics of titanium nitride.  Speed was 
131 sfm (2000 rpm) with feedrates of 25 ipm (0.0125 ipr). According 
to the author; the first tool tested was a bright, untreated tool. 
It drilled 2>\  holes before excessive heat generation contributed to its 
catastrophic failure.  The second tool tested was of the same style, 
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design and manufacturing lot but was treated with a black-oxide %urface 
treatment.  This tpol drilled b\  holes before it, too, became overheat- 
ed, clogged and snapped. The third tool was a TiN-coated tool from the 
same manufaeturing batch.  This tool drilled, more than 60 holes under 
the same conditions in the same test block without failure.  The two 
principle conclusions Deller [19] drew from these tests rfre: (1) that 
given the poor chance that the flood coolant could be effective at the 
12-diameter drilling depth, the refractory characteristics of the TiN 
coating must have afforded a measure of heat protection to the third 
tool,- and 02) chip flow was improved by the coating, thereby (3) reduc- 
ing cutting forces. 
•  " \ 
The above study by" Deller is of significance to the topic covered 
by this thesis, the purpose of which, is to find a statistical correla- 
tion of the effect of three types of coatings on the torque, thrust, the 
wear and the surface finish of the hole. 
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DESIGN OF EXPERIMENT 
This research is ah investigation to determine the effect of 
various types of coating on coated drill performance using the torque, 
t"hrust, wear and surface finish as measures of performance.  Consequent- 
ly, the performance of the coated drills;will then be compared to one 
another by statistical analysis to determine the relative effectiveness 
of the three coatings used, .^n this study and to offer explanations 
based on these results. 
During the research, a wide range of variables were considered 
The variables are classified as follows: 
Independent Variables 
CUTTING CONDITIONS 
- Speed 
- Feed Rate 
- Depth of Hole 
- Diameter of Drill 
r-  Material 
- Hardness 
TOOLING VARIABLES 
- Style of Drill 
- Drill Material 
- Type of Coating 
NUMBER OF LEVELS 
1 
1 
.  1 
,  1 
1 
i :■ 
2 
1 
3 
} 
ACTUAL SETTING 
78 SFPM 
.0040 in/rev 
"1 inch 
\  inch 
4340 steel 
35-37 Rockwell-C 
Standard or Hy-Spiral 
HSS . • 
TiN, BOX, SOX 
Dependent Variables' 
The performance criteria (dependent variables) used in the experi- 
ment will include:   . * 
- Torque, Thrust and x-y forces 
- Number of holes per tool 
- Surface finish of hole        ■    •    ' 
- Wear measurement of drill 
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Discussion of the Independent Variables 
Cutting Conditions; Given the magnitude of the data to be collect- 
ed in this research, the decision Was made that using a constant „set of 
... <=> . . '     . 
cutting conditions, rather than multiple sets would be enough to satisfy 
<\ ' 
the purpose of the study. Therefore, after some sample data were . 
collected from initial test results at various cutting conditions, it 
was finally decided that the conditions selected would be the most suit- 
able to avoid premature breakage of drill, but still severe enough to 
force the wear rate to progress faster than normal. 
\ In other words, the conditions chosen are based on the criteria 
that: 
(1) They are representative of industrial applications. 
(2) Tools must show an 'appreciable wear in a reasonable amount of 
time. 
(3) Conditions should not be severe as to cause premature failure 
by any means other than wear. The target was 10Q holes, without 
failure of the tool. 
After "some initial experimentation, the set of conditions chosen 
were as follows: 
- Speed 78 SFPM 
-r^eed .0040 ipr 
- i)epth of Hole 1 inch 
- Dia. of Drill k  inch 
- Material 4340 steel ' 
Tooling Variables:  The selection of the tooling variables was 
based on the logic that the use of coated drills -is now becoming very 
prevalent, basically in the application to small hole drilling.  There- 
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fore, it was decided that the V diameter drill would be the most reason- 
able size, given the capacity of the drill press so as to avoid intro-" 
ducing undue vibration that might bias -the results.  The three types of 
tool coatings chosen were selected on the basis of their wide chemical 
and metallurgical variations, and because of the extent of their wide 
appeal in industrial usage.  In addition, these are standard mixes,. 
readily available in the industry.  The three general categories of the 
coatirfgs used are: 
- Titanium Nitride 
- Black Oxide 
- Steam Oxide of Bright Finish 
For each category, the-basic style of the drill is taken into consider- 
ation and the two readily avaiat&e styles are: . 
- Standard ' 
- Hy-Spiral ' r   '*, 
All the drills are made of HSS material, and the coating of the drills 
_was accomplished by means of a chemical reaction process termed "Vapor 
Deposition." While the details of this process are beyond the scope of 
this paper, it .should be mentioned that the layer of deposition or coat 
thickness is the same for all the drills, though of different hardness 
ft* ' ' ' 
properties. All the drills are made by Do-All, and the point angles 
are 115 deg. in all cases. 
The work material chosen was SAE 4340 heat treated steel bar, with 
a Rockwell C of 35-37.  This is a relatively hard material as well as 
tough.  Since it is reasonably difficult" to machine, it provides a good 
testing ground for the tools with regard to hot hardness and thermal    ■ 
deformation. . 
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Discussion of Performance Criteria (Dependent Variables) 
Since the basic purpose of this study is to investigate the effect 
of various coatings on the tool performance, it was decided based on 
research documented in previous studies that the main measure of per- 
formance is the wear rate of the tool. This wear rate on the other hand 
is dependent on the amount of torque, thrust, and x-y radial forces exert- 
ed at the drill lip. Also, it was decided that the effect of the drill 
wear rate on hole surface quality should be taken into account as a 
measure of performance, since it could be directly related back to the 
measure of. effectiveness of the type of coating used.  Number of holes 
is used to denote tool life since it gives a more convenient measure 
than exact cutting time. 
Equipment and instrumentation   „ 
All the experimental work on this research was performed with the 
machine tools and equipment in the Manufacturing Technology Laboratory 
at Lehigh University.  The equipment used are. as follows: 
- A Bausch and Lomb toolmakers micro_cope was used to measure 
the drill lip wear.  This device is accurate to within + 0.001 inch [6], 
«c A spring gauge (hand-held) was used for dynamometer calibration. 
- A hand-held portable Tachometer was used for measuring the * 
surface speed of drill.  This was to insure that tnere was no variation 
in the constant speed setting. 
- A Mitutoyo Surftest-III device was used for measuring the hole 
surface finish, using a 'cutoff width of 0.010 inch.  The code ..number of 
the device is 178-903E and ijts serial no. 13285.  All the measurements 
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are arithmetic averages of the surface roughness, and the range of 
measurement provided by the device is from 0-3000 micros-inches. 
- Drill press with a range of 0.0015 to 0.030 inch/rev. for the 
feed and 100 to 2400 RPM for speed. 
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   - A four-component Kistler Dynamometer, mounted on the drill press 
is used to measure cutting forces and torque.     . 
- A Dual Mode Amplifier is used as a control panel and,as a means 
of amplifying the charges from the dynamomeiMr.  The calibration setting 
was done on this device.  See Table 1. 
- Industrial Control System (ICS):  The dynamometer is interfaced 
to the industrial control system through the Dual Mode Amplifier so 
that a direct digital output of the charges could be converted to 
•      . t 
forces.  • 
- A DEC PDP 11/34 Minicomputer terminal is interfaced with the 
ICS to obtain and store the output of the cutting forces. 
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TABLE 1 
CALIBRATION SETTING ON DUAL MODE AMPLIFIER 
MZ FZ        EX *      FY 
Calibrated range O-IOOOO Ncm   0-20000 N 0-5000 N 0-5000 N 
or 0-73.756ft-lb 0-44961bf 0-11241bf 0-1124 lbf 
Sensitivity 1.62pC/Ncm    -1.95pC/N -3.75pC/N -3.75pC/N ■ 
219.643pC/lbft 8.674pC/lbf 16.68pC/lbf 16.68pC/lbf 
Linearity 0.3% 0.3% <     0.3%       0.3% 
Mech.UnitYVblt 1 ft-ib       501bf      llbf. llbf 
pC/Volt 2.1964 3pC/ft-lb 2.1686pC/lb 1.668plC/lb 1.668pC/lb 
' • 4.        10 10 
Multiply by 100 200      10        10  _ 
Experimental-Set-up 
The Kistler Dynamometer (Fig.2) is a four-component (FX,FY,FZ,MZ) 
piezo-elecfric transducer capable of measuring simultaneously forces 
in the plane of the platform, a force parallel to the transducer axis, 
and a moment in the plane normal to the line of application of the 
force. The piezoL-electric transducer is composed of a built-in quartz 
measuring cell which generates a charge as a result of a mechanical 
stress imposed'upon the quartz cell*  The electrical charges generated 
by the platform are directly proportional to the leads to be measured. 
Charge amplifiers 'convert the charges into analog DC voltages, which 
are sent to the Analog to Digital (A/D) converter, where they are 
converted to digital data upon access by the user via a program in the 
PDP 11/34 RSX-11M system. 
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o 
Four Component Dynamometer (Fx, Fv, F,, M,). Type 9273 
Figure  2;     Four-Component  Kistler Dynamometer 
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.The program converts the voltages it reads from the A/D converter 
to forces and outputs them in tabular form.  The wiring schematic 
for the wiring of the dynamometer- to the A/D converter is as shown 
in-Figure 3.  In this experiment set-up, the cables are connected 
to channels 3> 4, 5, and 6 on the A/D input terminals of the ICS. 
Experimental Technique 
In order to insure that no unnecessary error is introduced into 
the experimental results, the work material was prepared to size. 
Care was taken to-ascertain that the work specimen was of the same 1 
inch depth, with no contours on the. surface that might deflect the drill. 
Therefore all work specimens used are 1-inch in thickness with a varia- 
tion of less than 0.001 inches. 
The dynamometer was interfaced to the ICS through the Dual Mode 
Amplifier so that the force output could be generated at the PDP 11/34 
terminal. 
The wear on the flank or clearance side of the tool is known as 
the flank wear.  To-measure this, the drill is held vertically and the . 
different wear measurements are made on the flank at four points. The 
drill is always located in the same direction, using a reference on the 
shank, so that the^successive wear measurements refer to the same cutting 
e'dge.  The different wear measurements are taken as shown in Figure 4. 
A heuristic approach was taken to arrive at the set of conditions 
for the experiment on the drill press.  The condition chosen is such 
that it would allow the drill to cut at least 100 holes before wearing 
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Dynamometer 
Output Ports 
MZ 
Amplifier Computer Room Changeover 
to 
Fz 
Fx 
Fy 
Input Ports 
(left to rgt. 
from back) 
Port 1 
Port 2 
Port 3 
Port 4 
Output Cables 
red/black (red 
sleeve) 
white/black (green 
sleeve) 
red/black (blue 
sleeve) 
white/black (b,lue 
sleeve) 
r> 
Port" green  greensleeve-white/black 
11  banded 
cable  redsl^eeverred/black 
Port" red    green sleeve-white/black 
10  banded -   ' 
cable  red sleeve-red/black 
Channel on 
A/D Board 
3 
5 
6 
"busing input ports in.lab.   , , 
Figure 3:  Wiring schematic of Dynamometer to the A/D Converter 
FLANK WEAR = A *  B * C * D 4 
Figure 4: Wear Measurement of Cutting Edge 
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out, except of course in few cases where catastrophic wear and break- 
age occurs before drilling 100 holes. Only oneXset of cutting condi- 
tions is used* , 
The tools were categorized into three mam'groups, with two sub- 
sections. -x 
For every hole drilled, 24 readings are taken at intervals of 
two readings, per second, from moment of engagement to the breakthrough 
of drill at the finish of hole. 
For convenience, the averages intercept and the slope of the forces 
are calculated immediately following completion of the drilling opera- 
tion.  These calculations are made automatically on the PDP 11/34 
according to a special subroutine written for this research.  For 
accuracy, the first four of the 24 readings are discarded, while the 
last 20 are used in the calculations mentioned above. 
Experimental Procedure 
For each drill, d ftole is drilled in the- work material "at the 
given cutting conditions. 
Any observation is recorded. 
The cutting forces are generated at the PDP 11/34 terminal. 
The wear at the drill lip is measured at four points and recorded. 
Average of the four measurements is computed. 
The surface finish of the hole is measured and recorded. 
'+.    Procedures 1 through 5 are repeated 100 times for 100 holes or 
until tool failure, if"less than .100 holes. 
A new drill is installed, and processes 1 through 6 are repeated. 
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RESULTS AND ANALYSIS 
This section documents the results- and the analysis of the results 
for this research.  This discussion is organized into six subsections. 
(1). Correlation of drilling variables for individual drills. 
-'-* (2) Surface finish and wear are used as dependent variables. 
(3) Correlation of drilling variables with types of coating: 
combined analysis. •     * 
(4) Combined analysis using the grand mean averages for each 
drill. 
(5) Stepwise regression of the grand mean averages. 
(6) Graphical demonstration and explanation of relationship 
between variables. • ...      - 
TABLE 3 
CLASSIFICATION OF DRILLS BY COATING AND STYLE 
STYLE/COATING   TITANIUM NITRIDE . BLACK OXIDE 
Standard 
Hy-Sprial 
Drill 1 
Drill 2 
Drill 3 
Drill 4 
STEAM OXIDE or 
BRIGHT FINISH 
Drill 5 
Drill 6 
Drill 7 
.■jt*n 
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For each drill, 100 holes were drilled", except for Drill 7, in " 
which case the drill wore out after drilling just 55 holes.. The data 
collected for all the drills could be seen in appendix 1, 2, 3, 4, 5\ 
6 and 7 respectively.- The torque, thrust and x-y radial force values 
obtained for each hole represent the computed mean of the drilling 
force values while drilling that hole.  Also, the surface finish ©f the 
hole and the wear at the drill lip [Fig.4] were measured and recorded. 
From a study of previous research relating to this experiment [19, 
20, and 21], it was felt that relating the wear factor and the surface 
finish factor to the drilling forces would give the best approach in. 
evaluating the effect of the various coatings on the drill performance. 
For example, the variations in the torque, thrust, wear and surface 
finish values of the drills would serve as a basis in evaluating how 
effective the type of coatings compares in reducing these values. 
It is believed that an ideal and effective coating would have the 
effect of minimizing the torque* thrust, x-y radial forces and the wear 
rate, therefore prolonging the tool life and enhancing the surface 
quality of the holes. This analysis will try to compare the three 
types of coated drills 'on the basis of torque, thrust, wear and 
surface finish. 
Correlation of Drilling Variables for Individual Drills 
The'first approach taken was to analyze each set of drilling 
data separately,.and this was accomplished with the aid of the SPSS 
statistical software package provided by the Lehigh University computer 
28 
  ""     -*../........--■--■'- - ■ ■•, 
facilities.  A st^pwise regression run of the obtained data for each 
-    J*   ■     ■ 
drill yields the correlation coefficients listed in Tables 4,.5, 6, 7, 
8, 9, and 10 for drills 1',   2, 3, 4, 5, 6, and 7 respectively. 
The correlation coefficients revealed that for all drills, regard- 
less of the type of coating, there exists a high linear correlation 
between the'number of holes drilled and the wear at the drill lip or 
flank.  This result is expected and could be explained by the fact 
that wear increases with the number of holes drilled.  A comparison 
of the correlation coefficients, based on"the type of coating classi- 
fication shows that in the Titanium Nitride coated drills, exemplified 
in Tables 4 and 5 for drills 1 and 2 respectively, there exists a high 
correlation of 0.77691 and 0.080606 between the average thrust force 
and the number of holes drilled.  There also exists a 'high linear 
relationship between the thrust force and the drill wear, indicating 
that the thrust is one of the most important parameters affected by the 
wear of the drills.  On the other hand, the'Black-Oxide coated drills 
shows lower correlation coefficients between some of the variables; the 
only outstanding" relationship being-between the wear, and the number of 
holes drilled (Tables 6 and 7). The results yielded by the standard 
type steam-oxide coated drill is similar to that of the Black-oxide. 
The only significantly positive relationship is obtained between the , 
wear and the number of holes (Table 8). 
Finally the results obtained for the Hy-Spiral type steam-oxide 
coated drills (as shown in Tables 9, 10) shows a positive linear 
relationship between'the thrust and the number of holes, and between 
2,9 
TABLE 4 
CORRELATION COEFFICIENTS FOR TITANIUM-NITRIDE COATED DRILL: 1 
NH ATQ ATH AFX AFY WR 
ATQ .28267 
ATH .77691* .24273 
AFX .17900 .08382 .22288 
AFY -.14247 -.16904 -.13333 -.02331 
WR .89204* . .26293 ..79571* .12589 : -.19083 
SF -.51269 .00643 -.47463 .15128 .08825' -.41811 
TABLE 5 
CORRELATION COEFFICIENTS FOR TITANIUM NITRIDE COATED DRILL: 2 
NH ATQ ATH AFX, AFY WR 
ATQ -.30858 
ATH .'80606* -•.12203 
AFX ..13993 -.05148 .10929 
AFY -.09189 -.18391 -.20050 , -.14618 
WR .91881* -.21015 .77888* .05436 -.13008 
SF 
-.63592 .39101 -.52373 .01243 .03537 -.59107 
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TABLE 6 
CORRELATION COEFFICIENTS FOR BLACK-OXIDE COATED DRILL: 3 
NH ATQ ATH AFX AFY WR 
ATQ .31752 
ATH .47954 .50977 
AFX- .51815 .20344 .41962 
AFY .04428 -.12198 -.16333 -.10742 
WR .63539* .24176 .35089 .37376 .04619 
SF .14942 .31134 .42741 .28703 -.19902 .23907 
«& 
TABLE 7 
CORRELATION COEFFICIENTS FOR BLACK-OXIDE COATED DRILL: 4 
NH ATQ ATH AFX AFY WR 
ATQ - .24069. . 
ATH- .49072 .30886 
AFX .18342 .13069 .05575. ) 
AFY ■-■ -.29973 -.08213 -.08863 -.30221 
WR .81406* .12478 .19047 .04470 -.23418 
SF .00309 -.04516 -.07002 .58866* -.11663 -.06307 
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TABLE 8 
CORRELATION COEFFICIENTS FOR BRIGHT FINISH DRILL: 5 
NH ATQ ATH AFX AFY WR 
ATQ .10290 
' . ' • ■ 
ATH .48834 .36326 
AFX -.01846 .09371 .23046 
AFY .14022 . -.32353 -.17103 -.27848 
WR .83084* .12828 .44356 .05385 .17896 
SF ' .06212 .13534 .11147, .08492 .10483* -.06787 
TABLE 9. 
CORRELATION COEFFICIENTS FOR BRIGHT FINISH DRILL: 6 
NH ATQ ATH AFX AFY WR 
ATQ .30287 
ATH .73447* .41277 
AFX .18213 -.00992 .12537 
AFY - -.30658 -.07770 -.25112 -.40835 
WR .79217* ',.35343'- .70651* .34139 -.33148 
SF .55962* .40371 .42575 .07394 -.16750 .51236 
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TABLE 10 
CORRELATION COEFFICIENTS FOR BRIGHT FINISH DRILL: 7 
NH ATQ ATH AFX AFY WR 
ATQ .21905 
ATH .50545 .28409 
AFX -.09776 .16816 .01534 - 
AFY^, .17960 '-.18378 .11408 -.12692 0 
WR .90795* .24083 .58516* -.05670 .25063 
SF .24114 .23393 ■ .34988 .18169 -.12448 ,32163 
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the number of holes and the wear. There also exists a slightly signi- 
fieant relationship between the thrust force and the wear-, giving a 
result more in line with the TiN coated drills.  (See Figures 5 to 75 
for graphical illustrations of the relationship between the variables). 
From a comparison of the graphs and the correlation coefficients 
for all the drills, it shows clearly that the Titanium Nitride coated 
drills gave the best performance, followed by the Hy-Spiral steam- 
oxide coated drills.  The next is the Black-oxide coated drills and 
last is the standard type steam-oxide coated drills.  The fact that 
the Hy-Spiral steam-.oxide drill gave higher correlation coefficients 
than the Black-Oxide drills is an indication of the effectiveness of 
the Hy-Spiral type drill in removing chips, therefore,' reducing cutting 
forces. ' 
Surface Finish and Wear as Dependent Variables 
Using the surface finish and the wear, in turn, as the dependent 
variable to see how the" drilling forqe values and tool life affects 
these two factors, a stepwise regression run of the data set_for each 
drill yielded the regression summary consisting of the Multiple R,' the 
R square value, the R square change and the overall F.  All the results 
.obtained from the regression are significant at the 95 percent con- 
fidence interval level.  Tables 11, 12, 13, 14, 15, and 16 are the 
listings of the regression summary for all seven drills .respectively, 
when the surface finish was used as the dependent" variable.  The R 
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TABLE 11 
i 
REGRESSION SUMMARY TABLE FOR SF:   DRILL 1 
1 MULTIPLE R R SQUARE R SQUARE 
CHANGE 
ft 
OVERALL F 
NH .51269 .26285 .26285 34.94535 
AFX .56911 .32389 .06103 23.23353 
ATH .59012 .34824 .02436 17.09816 
WR .61624 .37975 .03151 14.54099 
ATQ .63464 .40277 .02302 12.67851 
AFY .63701. 
• 
.40578 
■ 
.00301 10.58445 
TABLE,.A2-  , 
REGRESSION SUMMARY TABLE FOR SF:  DRILL 2 
MULTIPLE R R SQUARE R SQUARE 
CHANGE 
OVERALL F 
NH - .63592 .40448 .40440 66.53974 
ATQ .66808 .44633 .04193 39.09694 
AFX .67616 .45719 .01086 26.95260 
ATH .67939 .46157 .00438 20.35991 
WR .68009 .46253 .00095 16.17842 
AFX .68054 .46313 .00061 13.37124 
35 
TABLE 13 
- 
" 
i. 
REGRESSION SUMMARY TABLE FOR; SF:DRILL  3 
MULTIPLE R R SQUARE R SQUARE 
CHANGE 
OVERALL F 
ATH .42741 .18268 .18268 21.90452 
AFY .44703 \ .19984 .01715 12.11264 
AFX .46110 .21262 .01278 .8.64098 
ATQ .47280 
.22354 .01093 6.83762 
NH .48627 .23646. .01291 . 5.82203 
WR .50954 .25963 .02317 5.43541  ■ 
TABLE 14 
REGRESSION SUMMARY TABLE FOR SF:     DRILL 4 
MULTIPLE R R SQUARE R SQUARE 
CHANGE. 
OVERALL F 
AFX .58866 .34652 .34652 51.96692 
ATQ .60141 .36169 '     .01517 27.48173 
NH .60688 .36831 .00662 18.65745 
AFY .60814 .36984 .00153 13.93881 
ATH .60934- .37129. .00145      ■•- .'11.10264 
WR .61020 .37234 .00105 9.19502 
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'TABLE 15 
REGRESSION SUMMARY TABLE FOR SF: DRILL 5 
MULTIPLE R R SQUARE R SQUARE 
CHANGE 
OVERALL F 
ATQ .13534 .01832 [ ".01832 1.82852 
AFY . .20733 .04298 .02467 2.17839 
AFX .23860 .05693 .01395 1.93180 
ATH .24456 .05981 .00288 1.51089 
WR. .24587 .06045 .00064 - 1.20966 
NH .24618 .06060 .0001*5 .99995 
..  TABLE 16 
REGRESSION SUMMARY TABLE FOR SF: DRILL 6 
V 
1
 MULTIPLE R R SQUARE R' SQUARE 
•CHANGE 
OVERALL F 
NH .55962 .31317 .31317 44.68553 
ATQ .61121 .37358 .06040 28.92356 
WR .'61481 .37790 .00441 19.44616 
ATR .61910 .38328 .00529 14.76020 
AFX .62064 .38520  . .00192 11.77901 
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square values of all the variables affecting the surface finish shows 
that in all the drills, no variable' accounts for mote than 40.44% of 
the surface finish values.  On the other hand, the R square values 
indicated that the variables altogether accounted for close to 6.3% 
«■«..■ ■-» *   ■ 
of the surface finish in the TiN coated drills 5(Tables 11 and 12) 
.        o * 
followed by the Hy-Spiral steam oxide drills with 38.52% (Tables 16 
and 17).  The next is the Black-oxide coated drills, in which all the 
significant variables account for 37.2% of the surface finish (Tables 
13 and 14), while the standard type steam-ox^de coated drill came last 
ith all the'variables accounting for just about 6% of the surface 
finish. 
The magnitude of the total R square values accounted for by all 
the variables in all the drills confirms the expected result that the 
type of coating plays a substantial role in reducing the forces and 
wear that affects the surface* quality of the hole, because the higher 
the total R squared values of all the variables accounted for, the 
more it shows how effect'ive the type of surface coatings are in reduc- 
ing the drilling forces and the wear rate. 
Using the wear as the dependent variable, the regression summary 
for all the sevei^drills shows the number of holes accounting for the 
highest percentage of the drill wear (Tables 18, 19, 20, 21, 22, 23 and 
24).  On the whole, the variables altogether account for. 85.9% (Table 
19) in the wear of the TiN coated drills, while"they account.for 85.5% 
of tjhe wear in the Hy-Spiral steam oxide coated drills (Table 24). 
The next is the Black oxide drills with the variables accounting for 
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TABLE 17 
REGRESSION SUMMARY TABLE FOR SF: DRILL"T 
4- MULTIPLE R R SQUARE R SQUARE 
CHANGE 
OVERALL F 
ATH .34988 .12242 .12242 7.39305 
AFX .39180 .15351 .03110 ■i 4.71511 
WR '  >. 4228^2  * ... .17878 .02527 3.70087 
AFY .46088   V  '. .21241 .03363 - 3.37112 
NH .47450 .22515 .01274 2.84754 
ATQ .47735 .22786 .00272 2.36087 
TABLE 18. 
REGRESSION SUMMARY TABLE FOR WR: DRILL 1 
MULTIPLE R R SQUARE R SQUARE OVERALL F 
CHANGE 
NH .89204 .79573 .79573 381.76106 
ATH .90682 .82233 .02659: 224.47277 
AFY .90871 .82575 .. .00342 151.64411 
AFX .91046 . .82894 .00319 • 115.09194 
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" TABLE 19 
REGRESSION SUMMARY TABLE FOR WR:. DRILL 2 
MULTIPLE R R SQUARE - R SQUARE 
CHANGE 
OVERALL F 
NH .91881 .84422 .84422 531.08761 
ATQ .92205 .85017 .00595 275.19933 
AFX .92503 .85569 .00552 189.73772 
ATH .92629 .85801 .00232 143.51536 
AFY .92685 .85905 .00104 114.57830 
TABLE 20 
REGRESSION SUMMARY TABLE FOR WR: DRILL 3 
MULTIPLE R R SQUARE' R SQUARE 
CHANGE 
OVERALL : 
NH .63539 .4#372 .40372 66.35157 
ATH .63756 .40649 .00277 33.21708 
AFX, .63889 .40818 .00169 22.07062 
AFY ,.' .63982 .40938 .00119 16.46166 
ATQ ■■... .64037 .41007 .00070 13.06842 
/° 
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TABLE 21 ... 
REGRESSION SUMMARY TABLE FOR WR: DRILL 4 
MULTIPLE R , R SQUARE R SQUARE 
CHANGE ' 
OVERALL F 
NH . 81406. .66269 '"' " .66269 192.53514 
ATH .848.66" .72023 .05754 124.85701 
AFX .85657 .73371 .01348 . 88.17060 
ATQ .85661 .73377 .00006 65.45985 
TABLE 22 
..REGRESSION SUMMARY,TABLExFOR WR: DRILL 5 
MULTIPLE R R SQUARE R SQUARE 
CHANGE 
OVERALL F 
NH .83084 .69030 .69030 218.43633 
AFX .83372 .69509 t .00479 110.56320 
AFY .83812 .70245 .00736 75.54349 
ATQ .84094 .70718 .00473 57.35726 
ATH .84133 .70783 .00065 45.54595 
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TABLE 23 
REGRESSION SUMMARY TABLE FOR WR: DRILL 6 
MULTIPLE R R SQUARE R SQUARE 
CHANGE 
OVERALL F 
NH .79217 .62754 .62754 - 165.11360 
AFX .81714 .66772 .04019 97.46268 
ATH .83810 .70242 .03469 75.53255 
ATQ .84212 .70917 .00676 57.91372 
AFY' .84219 :70928 .00.611 45.86700 
v^ 
TABLE 24 
REGRESSION 'SUMMARY^TABLE FOR WR: DRILL 7 
MULTIPLE R R SQUARE R SQUARE " 
CHANGE 
OVERALL F 
NH .90795 .82437 .82437 248.76760 
ATH .91966 .84*577 .02141 142.58327 
AFY .92358 .85300 .00723 98.64861 
ATQ .<92424 .85422 .00122 73.24570 
AFY . .92460 * .85489 .00067 57.73364 
\ 
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73.'4% of the wear (Table 21), and last is the standard type- steam-oxide 
drill with 70.8% of the wear accounted for by the variables (Table 22). 
This result compares with the result for the surface finish based on 
the magnitude of the R square" values" f or"all" the"HrTlls'.' Thei higher V 
the percentage accounted for by the variables, the greater the effect 
of the various types of coatings on these variables.  See Tables 11 to 
24 for the percentage of the surface finish and the wear that is 
i 
accounted for by the number of holes, torque, thrust, x-y radial forces, 
the wear and the.surface finish in either cases. 
Correlations of Drilling Variables With Types of Coating: Combined 
Analysis 
This part of the analysis,deals with the combined analysis of all 
the data together as one. This analysis is done by combining the data 
for all- seven drills [Apprendix 1, 2, 3, 4, 5, 6, and 7 respectively], 
consisting of '655 data points or holes .altogether. A stepwise regres- 
sion of this data yielded a set of correlation coefficients that are 
very low, except in the relationships between (1) thrust and torque, « 
(2)^steam oxide coating and wear,'(3) style and wear and (4) steam • 
oxide coating and style.  See Table 25.:- ■  -     . ■ 
Holding,the thrust, torque, surface finish and-wear-, in turn, as 
the dependent variable, so as to evaluate the direct effectJof the type 
of coatings on each of the variables, Table 26 is a summary of the R 
square change values for all„the dependent variables above.  The 
results show the steam oxide coating accounting for about 43.4% of the 
thrust and about 46.6% of the wear.  The TiN coating accounts for 
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TABLE  25 
CORRELATION  COEFFICIENTS  FOR ALL DRILLING DATA COMBINED:   655 HOLES 
NH 
ATQ     .07380 
ATQ ATH AFX AFY WR SF B 
ATH. .24498* .58312 ^ 
AFX .14254 .27753* .19389 • 
Js. AFY -,10227 -.21582 -.38087 -.11226 H^ WR .•37754* .19964 .01967 .23049 .25354 
-    SF .00547 .09656 -.00972 .15423 T.06831 .03669 
B .04461 .03099 .27850 -.10151 -.26534 -.32004 .29050 
T .04118 -.50255* -.43062 -.25804 .00880 -.40239 . -.18215 -.43956   - 
S -.08103 ' .44541* .14368 .33960 .24231 .68236* -.10233 -.52936* -.52936 
ST .12065* -.01600 .47071* -.18700 -.44102 -.66666* .05174 .36914 .36914 -.6-9733* 
i 
about 17.5% of the "thrust and about 25<3% in the variation of the 
torque output, while the Black-oxide coating accounts for just 4.5% of 
the torque and about 8.4% of the surface finish.  A-comparison of these 
three coatings based on this result would tend to show that the Titanium 
Nitride coating is much more Effective in reducing thrust than the 
steam-oxide coating.  The results also show the TiN as being more 
effective in minimizing the wear of the tool due to the reduced thrust 
force. 
•  TABLE 26 
., R SQUARE CHANGE VALUES WITH VARIOUS DEPENDENT VARIABLES 
DEPENDENT 
INDEPENDENT/VARIABLE 
VARIABLES   *"' THRUST   TORQUE   S. FINISH    WEAR 
ST 
S 
T 
B .  '■■■-< 
.22156 .16894 .00075 ..07088 
.43352 .00368 .46561 
.17466 .25256   -  .0.0236 
_, ' 
.04471 .08439 —■— 
What is puzzling in this result is the fact that the Black-oxide 
was shown to account for just 4.5% and 8.4% of the torque and surface 
finish respectively. This indicates that the whole relationship "is not 
fully explained by the variables involved in the regression. In the** 
light of this fact, another regression was run of this data, still • 
using the surface finish and the wear as the dependent variables, but 
this time including the forces, the ^wear, the number of holes and the 
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surface finish in the regression.  The summary of the output for the 
R square change and F values are listed in Table 27,,and the mean of 
the combined variable values are in Table 28.  It is. evident from the 
output in.Table 27 that this analytical approach does not result in the 
best evaluation of the relationship between the dependent and indepen- 
dent variables.  This is so because of the high degree of variation in 
the data for each drill, which becomes even more pronounced when the 
data were combined.  The true relationship was lost, therefore, 
rendering the results in Table 27 rather insensible"l5r unexplanable. 
^ 
X. 
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TABLE 27 
:R SQUARE CHANGE VALUES AND OVERALL-F FOR SURFACE FINISH AND WEAR 
DEPENDENT 
INDEPENDENT/VARIABLE 
VARIABLES . 
B 
AFX 
ATH ■ 
ATQ 
, •   ST 
WR 
T 
.       NH 
AFY , ;-  ■' • 
SF 
S ' 
SURFACE FINISH  • DEPENDENT WEAR 
R2 .CHANGE 
INDEPENDENT/VARIABLE - 
OVERALL F VARIABLES R JCHANGE OVERALL F 
.08439 60.18408 S .46561 568.96322 
.03410 48.82110 NH . .18858 616.72426 
.01993 34.86320 ST .09393 644.51996 
.02052 30.70862 ATH .00737 502.09203 
.00923 26.24099 ATQ .00601 414.43483 
.05483 30.99591 AFX .00463 353.78922 
.03674 32.43146 T .00017 303.05929 
.00987 29.80742 AFY .00003 264.81474 
.00013 26.47144 •    - B     
Jkr 
TABLE 28 
> 
GRAND MEAN AVERAGE AND  STANDARD DEVIATION FOR THE VARIOUS  DRILLS 
CO 
DRILL 1: TiN S DRILL 2: TiN S DRILL 3: B"OX S DRILL 4: BOS X 
ARIABL E  MEAN STANDARD 
DEV 
MEAN STANDARD 
DEV 
MEAN STANDARD 
DEV 
MEAN STANDARD 
DEV 
■ NH 50.5000 29.0115 51.2300 29.3560 - 50.7900 2973627 51.2400 29.5516 
ATQ *  1.6292 0.0750 1.6584 0.0686 .1.7152 0.0539 1.7450 0.0518 
ATH 209.3748 6.5031 ™Jl0.7527 7.0492 220.6317 6.3993 241.6948 4.7489 
AFX -0.1326 0.8464 -0.0507 0.5520 0.0911 0.9984 0.1103 0.9265 
AFY -0.4243 0.7280 -a. 3304 0.5517 '-0.6093. „ 0.8116 -0.7710 0,8055 
1.9166* WR1 .6,2485 1.2275 6.0328 1.6212 6.3030 ' 0.5398 6.8270 
SF ,74.0900 5.7544 68.6100 7.5784 81.2900 6.5710 ; 72.7300 8.0301 
All wear values were multiplied by 1/1000 inch. 
TABLE 28 (cont\d) ■ 
GRAND-MEAN AVERAGE AND STANDARD DEVIATION FOR THE VARIOUS DRILLS 
"10 
APPENDIX 1. , 2, 3, 4, 5 
.■■<: 
DRILL I1, 
6 & 7 COMBINED 
ARIABLE DRILL 5: SOX S DRILL 6: SOX H : SOX H (ALL SEVEN DRILLS) 
MEAN STANDARD 
DEV 
MEAN STANDARD 
DEV 
MEAN STANDARD 
DEV . 
MEAN STANDARD 
DEV 
NH 51.3000 29.2915 50.8900 29.5583 28.0000^ 16.0208 49.0611 29.0637 
ATQ 1.8729 0.0956 1.7003 0.0881 1.7788 0.0930 1.7251 0.1073 
. 
ATH 257.7790 A.7835 208.2904 4.2485 202.3971 2.8640 222.8766 19.7420 
* AFX ■• 0.6850 0.8831 0.4099 0.2857 0.6611 0.3387 0.2254 0.8153- 
AFV 
WRl 
-0.7307 0..7785 0.3124 0.2707 " 0.0287 0.3070 -0.3874 0.7570  .. 
9.3188 1.24,92 14.5570 3.1817 8.1727 1.3272 8.2141 3.4189' 
SF .72.0800. 5.5934 ' 74.7100 7.9395 69.3091 6.7491 73.53.13 7.9454 
All wear values were multiplied by 1/1000 inch. 
2 
All Drills were di'scontinued after reaching 100 holes, except for Drill 7 which wore out 
after drilling 55 holes. (See Appendix 7) 
Combined Analysis Using the Grand Mean Averages for Each Drill 
Another approach taken in analyzing the collected data was the 
'use of the grand mean averages of all the variables for each set of 
drilling"data (100 holes).  The mean was obtained by^calculations and 
the grand mean values for each of the drilling variables are listed in 
Table 28 for all the drills used. A look at the mean values in this • 
table suggests that is might offer the best approach in investigating 
* -.'   ■       "       ■ 
exactly what affect the different types of coatings and style of the 
drill have on the performance of the drills.  Since the characteristics 
of all the drills and the cutting conditions were the, same, a compari- 
son of the grand, mean values of the thrust, torque, wear and surface 
finish, would tend to show which coating gives the best performance.. 
A comparison of the grand mean torque for all seven drills reveals the 
TiN coated drills to be the most effective and the standard steam-oxide 
drill to be the least effective. 
The TiN coating acted to effectively reduce the torque and thrust 
output and in turn, minimizing the wear rate of the drills. *Jn terms 
I 
of torque, the Titanium Nitride coating gave -the best performance with 
a low grand mean, average of 1.6438 ft-lb between the two TiN drills, 
followed by the Black oxide coating with a grand mean of 1.7301 ft-lb 
between the two drills used. Next is the Hy-Spiral type steam-oxide.. , 
drills with a grand mean average of 1.73955 ft-lb, and last of all is 
the standard type steam-oxide drill with a grand mean average of ' 
T.8729 ft-lb. * ■ 
<»50 
; 
In terms of the thrust output, the Hy-Spiral steam-oxide drill 
gave the best performance, with a grand mean average thrust of 
205.3437 lbs between the two drills used.  The low thrust value here 
could only be explained by the effectiveness of the Hy-Spiral flute of 
the drill in removing chip clogging, therefore minimizing the thrust' 
force.  As could be seen by the high grand mean thrust of the standard 
steam-oxide drill, it could be argued that the low thrust force is not 
affected by the coating but by the Hy-Spiral design of the drill.  The 
next most effective is the TiN coated drills with a combined grand 
mean average of 210.0637 lbs for the two TiN drills.  Since the two 
drills are standard type, the low value of thrust output is a-measure 
of the effectiveness ofkthe TiN coating.  The TiN is followed by the. 
Black-Oxide drills with a grand mean of 231.1632 lbs. for the two 
drills, and last of all is the standard type steam+oxide drill with a 
i- '       . '-"^ 
grand mean average thrust of 257.7790 lbs. - 
Basing the performance of the, drills on wear also reveals a 
result in agreement with the order of effectiveness of the coatings in ' 
minimizing drilling forces.  As expected, the TiN gave the best 
.. ' .1  ' 
performance with a grand mean wear average of .00614 inches.  Next is 
the Black-oxide coated drill with a grand mean wear average of .00656 
inch.  Following this is the Standard type steam-oxide drill with a. 
wear of .00932 inch, .and surprisingly, the Hy-Spiral steam-oxide drill 
came last with a wear of .01458 inch.  Based on the wear results, it is 
obvious that there exists a sort of discrepancy in the performance 
exhibited by the Hy-Spiral steam-oxide drills, Drill 6; because if 
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wear were to be based on the.drilling forces, this particular drill 
should have given the best result accordingly, but it didn't.  Torque 
and thrust are important in measuring the performance of a drill, but 
the above results show that the wear of the drill could not necessari- 
ly be-accurately predicted based on these alone. • In other words," 
drilling forces may be useful as predictors of performance, but in the 
final analysis, wear is a better measure of performance since it -- 
indicates exactly how fast the drill is degenerating. 
In light of .this explanation, and excluding drills 6 and 7, the , 
results can be said to have shown how the three coatings affected the 
wear rate of the drills, and therefore the tool life.  The order of 
effectiveness is as follows in Table 29. 
TABLE 29 
■%  " 
PERCENTAGE WEAR EFFECTIVENESS OF COATINGS 
Grand , 
Coating Wear Average % of SOX %Better than SOX % of BOX %Better"than BOX 
TiN 6.14 65.89 34.10 93.54 
BOX 6.56 70.45 . 29.55 $00 
SOX 9.32^ 100 
6.46 
Since the wear of the drill serves as the best measure of-perfor- 
mance, it could be said, using the above table, that the TiN coating 
is 34,-10% more effective than the ..Steam-oxide coating and 6.46% more 
-  I 
effective than the Black-oxide coating.  The Black-oxide coating is 
29.55% more effective than the steam-oxide coating based on these mean 
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wear values. 
A comparison of the grand surface finish average shows that there 
is no definitive effect between two of the coatings.  The TiN coating 
gave the best surface quality with an average of 71.35 micro-inches for 
the two drills in this category, followed' by the steam oxide with 72.08 
micro-inches, and last is the Black-oxide coating with 77.01 micro- 
inches for the-two drills combined^ Given the characteristic proper- 
ties of the TiN^oating (hardness, toughness, and better resistance to 
/> 
wear), it was expected that a better surface quality would be obtained 
and it was. What was not so clear, was the'better surface quality 
m  demonstrated by the steam-oxide coating in comparison with the Black- 
• i 
oxide coating.  The Black-oxide coating effected a reduction in wear 
-■ ■ ■ , "^ 
rate, it none-the-less gives a poorer surface quality than all the 
other coatings. 
Stepwise Regression of Grand Mean Averages .\ 
To see more clearly the relationship between the performance 
variables in the drilling operation and the effect of the various 
coatings, a stepwise regression run was made of the grand mean averages 
in the format specified in Table 30.  Holding the surface finish, the 
-* wear, the torque and thrust in turn, as the dependent variable, a 
regression run of these, variables against the style of drill (ST) and 
type of coatings B, T and S yields the R square change values in 
Tables 31 and 32.  Table 31 shows the steam-oxide coating S as 
contributing the highest percentage of the thrust" force at 43.73%, 
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TABLE 30 ■•  " 
<£> GRAND MEAN AVERAGES FOR VARIOUS COATINGS 
/ 
1 0 0 1 
1 0 0 1 
0 1 -•o 1 
0 1 0 .1 
0 0 1 1 
0 0 1 0 
ANH ATQ    ATH     AFX     AFY     WR     SF    B T S ST 
50.79 1.7152 220.6317 0.0911 -0.6093 6.3030 81.290 
51.24- 1.7450 241.6948 0.1103 -0.7710 6.8270 71.730 
50.50 1.6292 209.3748 -0.1326 -0.4243 6.2485 74.090 
51.23 1.6584 210.7527 -0.0507 -0.3304 6.0328 68.610 
51.30 1.8729 257.7790 0.6859 -0.7307 9.3188 72.080 
50.89 1.7003 208.2904 0.4099  0.3124 14.577 74.710 
28.00 1.7788 202.3971 .0.6611  0.0287 8.1727 .69.309,  -0! 0. 1 0 
followed by the  style of 29.14%.  The'next^is the Black-oxide coating 
accounting for about 17.62% of the thrust, and last of all is the 
Titanium Nitride coating., The result is expected and it is in 
agreement with previous assertions. 
•" "" A look at the R square value for the wear suggests that there 
exists a similar relationship between the thrust and the wear.  The 
steam-oxide coating accounted for 57.67% of the wear, followed by the 
style with 5.041% and Black-oxide coating with 0.322% of the wear. 
On the other hand, Table 32 suggests another type of relationship 
entirely, when only the first six drills that drilled 100. holes 
/■ 
were^used.  Since the above regression was run"with just the ST, S, T 
t 
and B as independent variables, another regression run including all 
the other variables as independent factors yields the R square change 
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TABLE 31 
R SQUARE CHANGE VALUES WITH VARIOUS DEPENDENT VARIABLES: ALL 7 DRILLS 
INDEPENDENT/VARIABLE THRUST TORQUE SF WEAR 
VARIABLES 
ST .29142 .30088 .05041 
S .43734 .08848 .00527 .57668 
T .51035 - 
B .17620 .37087 .00322 
TABLE 32 
R SQUARE CHANGE VALUES WITH VARIOUS DEPENDENT VARIABLES: 
FIRST SIX DRILLS EXCEPT DRILL 7 
DEPENDENT 
INDEPENDENT/VARIABLE 
VARIABLES . 
ST 
S 
T 
B 
THRUST TORQUE SF WEAR 
.36021 .12325 .08282 .86802 
.22508 .37293 .00404 .12589 
.30854 .47994 
,32597 ,00322 
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values in Tables 33 and 34.  Table 33 shows a partial consistency with 
the results in Table 31 with the steam-oxide accounting for 57.668% 
of the wear, and the Black-oxide coating accounting for 37.087% of 
the surface finish.  Also see Table 34 for the R square change values 
for the first six drills. 
Tables 35 and 36 are the listings of correlation coefficients 
obtained from the stepwise regression of (1) all seven drills and (2) 
t 
first six drills respectively.  Table 35 indicates that a linear rela- 
t 
tionship exists between the torque and the thrust. -It also shows in 
Table 36 that a strong^relationship exists between (1) torque and thrust, 
(2) number of holes and torque, and (3) number of holes and thrust. 
These relationships are demonstrated in the plots, of the data for all 
the drills.  See Figures 5 to 12, Figures 13 to 20, and Figures 77 to 
84 for the three relationships respectively. 
Graphical Demonstration- of Relationship Between Variables 
For each set of drilling data, graphical plots were made to be 
able to see the relationship between some of the drilling, variables. 
It^is hoped that an explanation of these plots would further enlighten 
the reader in understanding the effect of the various types of coatings 
used on the drill performance.  Each of the plots is fitted with a 
regression line to show the trends between the variables.  In all cases, 
two plots are made for drill 7, one for 55 holes and the second for 60 
holes showing the catastrophic wear and breakage of the tool. 
Plot of Hole vs. Thrust;  A plot of hole number vs. the thrust 
ouput shows clearly that for all seven drills, there exists a direct 
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- ' ■ ■ -  '   TABLE 33 
R SQUARE CHANGE AND OVERALL F FOR DEPENDENT WEAR AND SURFACE FINISH: ALL SEVEN DRILLS 
DEPENDENT WEAR       . DEPENDENT SF 
INDEPENDENT/VARIABLE   R  CHANGE  . OVERALL-F   INDEPENDENT/VARIABLE   R2 CHANGE  OVERALL-F 
VARIABLE VARIABLE 
S .57668 6.81138 B 
AFX .17841 6.16634 ' WR 
T .19206  . 17.92395 ATQ 
NH .03271 24.33481 ST 
ST .01796 91.68209 S . 
.37087 2.94T43 
.07242 . 1.59249 
.04750 • .96380 
.03714 .55916 
.46692 38.57055 
TABLE 34 
i **" 
R SQUARE CHANGE "AND OVERALL F FOR DEPENDENT WEAR AND SURFACE FINISH: FIRST SIX DRILLS 
oo 
DEPENDENT WEAR DEPENDENT •         SF 
R  CHANGE :NT/VARIABLE R  CHANGE OVERALL-F INDEPENDENT/VARIABLE OVERALL-!• 
ST .86802 26.307,96 B .32597 1.93449 
S .12589 244.68677 NH .35952 3.26935 , 
ATH .00549 1112.57884 '■■ AFX .21353 5.93(567' 
NH .00038 1128.36939 ATH .02336 2.9*7109 
TABLE 35 
CORRELATION COEFFICIENTS FOR SEVEN- DRILLS 
NH ATQ ATH AFX AFY WR WF 
ATQ -.25291 
ATH .43127 .69681 - 
Cn AFX -.52620 .85151 .26835 
ID AFY -.43460 -.26556 -.75242 .27144 
^ 
WR .00673 .22142 " -.05922 .55527 .67138 V 
SF .39669 -.13788 .06902 -.24117 -.20606 .02579 
B .25989 .01313 .31968 -.31336 -.55788 -.26845 .60899 
T .24810 -.71438 -.38271 -.70797 -.02826 -;$6342 -.31014 -.40000 
S -.46373 .64016 .05753 .93233. .53508 .75939 -.27281 ^.54772 -.54772 
ST .64913 -.09279 .53983 -.57865 -.89942 -.70796 .20305 .40000 .40000 -.73030 
*»^fc 
o 
NH 
TABLE 36 
COORELATION COEFFICIENTS FOR FIRST SIX DRILLS 
ATQ     AFX     AFX     AFY     WR      SF     B 
ATQ .63514 
ATH .64797 .92343 
AFX .47421 .86933 .63962 
AFY -.30766 -.43878 -.69991 .05476 
WR .03406 .23179 -.06752 .66325 .74455 
SF -.56620 -.02812 -.12239 -.02297 -.03621 .02579 ■ 
B .05680. .09011 .24235 -.21393 -.51245 -.38289 .57094 
T --. 30834 -.69278 ' -.55547 -.69917 .09335 -.48119 -.47430 -,50000 
S .25154 „ .60267 .31312 .91309 .41910 .86407 -.09664 -.50000 -.50000 
ST .15652 .11398 .39372 -.35803 -.90389 -.93168 -'.09246 ...31623 .31623 ,63246 
and linear relationship between the tool life and the thrust force. 
These plots, when compared, also indicated a result parallel to the 
results suggested by the use of the grand mean thrust averages, and it 
clearly shows the order of performance of each drill based on how 
effective the coating is in minimizing the thrust.  The correlation 
coefficients showing the relationship between the two variables are 
listed in Tables 4 to 10 for the seven drills respectively.  See 
Figures 5 to 12 for corresponding graphs. 
Plot of Hole vs. Torque;  A plot of hole number vs. the torque 
indicated that there is no substantial change in the torque value for 
all the drills.  The regression line in the plots.establishes this 
fact and it even shows in Figure 14 a decrease in torque as the number 
of holes increases.  This seems odd and unexpected, and it's not known 
whether the TiN coating could actually produce that effect on torque. 
It is believed though, from Figure 6, that the decrease in torque was 
slightly compensated for by a slight increase in thrust.  The result 
also shows a parallel with, the results obtained from the use of the 
-grand mean torque averages.  See. Figures 13 to 20 and Tables 4 to 10 
for corresponding correlation coefficients. 
Plot of Hole vs. Wear:  Figures 21 to 28 are plots of holes vs. 
wear, and it is in parallel with the results obtained by the use of 
the grand mean wear averages.  The TiN coated drills gave the most 
s     ■   ■ 
consistent wear, followed by the Black-oxide coated drills.  Based on 
this graph alone, Figure 23 would tend to indicate a bias in the per-' 
% '** - 
formance of the drills with Drill 3, Black-oxide coated drill, having 
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the lowest wear rate.  The steam-oxide drills shows thev/astest wear 
rate, which could be understood due to the ineffectiveness of the 
coating in reducing heat and therefore wear. 
Plot of Hole vs. Surface Finish:  Figures 29-36 are plots of the 
hole vs. the surface finish.  The effectiveness of the TiN coating is 
"demonstrated in Figures 29 and 30; which shows a reduction in surface 
finish as the tool life progresses.  This result is not-surprising, 
considering the hardness, toughness and resiliency properties that 
characterize the TiN.' By reducing heat at the tool-chip interface, 
the TiN reduces wear, and in turn this results in a better surface - 
quality.  The surface finish is fairly constant in the Black-oxide 
coated drills and higher.  This could be explained as indicating the 
ineffectiveness of the coating in giving a better surface quality. 
Next are the steam-oxide drills which show an increase in surface 
finish as the tool life increases. 
Plot of Torque vs. Wear:  Figures 37 to 44 are plots of torque 
vs. wear to show the relationship and the effect torque has on the wear 
for the different types of coatings-.— All the plots in this case show 
the torque as having a positive linear relationship on the wear.  The 
torque increases as the wear increases, with the exception of one of 
the TiN coated drills.  Drill 2, Figure 38 shows an increase in wear 
as the torque decreases. 
Plot of Thrust vs. Wear: Figures 45 to 52 are plots of thrust vs. 
wear showing the effect of the coating on the thrust and how the thrust 
affects the wear "of the drill.  All the drills exhibited a positive • 
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linear relationship between the thrust and wear, with the-wear in- 
creasing as the thrust increases.  The. Hy-Spiral s'team-oxide drill 
gave the worst performance with a high thrust and wear slope, 
demonstrating the ineffectiveness of the. coating.  The results are in 
parallel with the results obtained from the use of the grand mean 
averages.  The slope of all the graphs agrees with all the correlation 
coefficients between the thrust and wear in Tables 4 to 10. 
Plot of Surface Finish vs. Wear:  Figures 53 to 60 are plots 
showing the effect of the wear of the drill on the surface finish for 
all the various types of coatings. .A look at Tables 4 to 10 would show 
the corresponding correlation coefficients for each plot respectively. 
The TiN coated drills show a decrease in surface finish as the wear 
increases: and with the exception of drill 4, Figure 56, which" also 
shows the same trend, all the other drills indicate an increase in 
surface finish as the wear increases.  The performance of drills 1, 2, 
and 4 as in Figures 53, 54 and 56 could only be explained by the 
«. 
effectiveness of the TiN and Black-oxide coatings in reducing wear. 
.J 
Plot of Torque vs. -Surface Finish:  Figures 61 to 68 demonstrate 
the effect torque has on the surface finish for each coating category. 
With the exception of Drill 4, Figure 64, all the drills indicate a 
positive linear relationship between the torque and surface finish. 
See Tables 4 to 10 for corresponding correlation coefficients. 
Plot of Thrust vs. Surface Finish:  A look at Figures 69 to 76 
suggests there seems to exist a parallel between the thrust vs surface 
finish plots and the surface finish vs. wear plots in Figures 53 to 60. 
63 
4 
This is an indication of the close relationship between the thrust and 
the wear, and it attests to the effectiveness of the TiN and Black- 
oxide coatings in improving surface quality in Drills 1, 2, and 4 
respectively.  See Tables 4 to 1-0 for corresponding coefficients. 
Plot of Torque vs. Thrust:  With the exception of Drill .2, 
Figure 78, the relationship in all the other cases shows an increase 
in thrust as the torque increases. This -is somehow expected based on 
previous research findings.  The corresponding correlations are listed 
in Tables 4 to 10.  See Figures 77 to 84 for graphs. 
\ 
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( CONCLUSIONS 
The conclusions which may be drawn from this analysis of coated 
drills are: ... 
(1) There are definite and distinct differences between the 
performances of TiN, Black-oxide and Steam-oxide coated drills, due to 
- "the differences in the chemical composition of the coatings. 
(2) Based on wear, the TiN gave the most effective performance, 
followed by the Black-oxide and the Steam-cfxide respectively.  The 
s
 conclusion is that the harder, tougher and more resilient the coating 
material, the more effective it is in improving tool life and perfor- 
mance. 
(3) The Hy-Spiral design- is effective in'reducing cutting forces. 
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Figures  5-84 
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TABLE 37  ■ 
.CLASSIFICATION OF DRILLS BY COATING AND STYLE 
STYLE/COATING  TITANIUM NITRIDE   BLACK OXIDE 
Standard 
Hy-Spiral 
Drill.1 
Drill 2 
Drill 3 
Drill A 
STEAM OXIDE 
OR 
BRIGHT FINISH 
Drill 5  . 
Drill 6 
Drill 7 
Same as Table 3.  Serves as key for- identifying each graphical 
plot with corresponding coating. 
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Figure 29:  DRILL 1: PLOT OF HOLE VS. SURFACE FINISH 
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Figure 30:  DRILL 2: PLOT OF HOLE VS. SURFACE FINISH 
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Figure 33:  DRILL 5: PLOT OF HOLE VS. SURFACE FINISH 
98 
HOLE S.  FINISH  IN    MICRG-IN.. 
*n 
H- 
- era 
c 
H 
, rt> 
to 
U> 
"" 
50 IE 
M O tr- l~ 
Ul m 
•• 
|-d z 
00 o 
H —. -^ 
-^   o 
O CD ►n m 
o x) 
r1 
M 
, 4 
. .. < :z: w 
oo CO 
c ni   JO 
O   o 
> 
o c: 
M m 
Tt ZEL 
M 
2 O 
to !~n 
c 
~0 
o 
o 
~n 
:r 
o 
m 
en 
en 
CO 
PLOT   OF   HOLE   VS   S". -"FINISH 
i 
o 
O 
X 
00 
U. 
GO 
UJ 
o 
X 
1 10 
40 .   ■■     ■  R0 
HOLE-  NUMBER   IN   SEQUENCE 
1 20 
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Figure 39:  DRILL 3: PLOT OF TORQUE VS. WEAR 
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Figure 42:  DRILL 6: PLOT OF TORQUE VS. WEAR 
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Figure 44:  DRILL 7: PLOT OF TORQUE VS. WEAR 
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Figure 50:  DRILL 6: PLOT OF THRUST VS. WEAR 
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Figure 51:  DRILL 7: PLOT OF THRUST VS. WEAR 
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APPENDIX 1 
DRILL 1: TITANIUM NITRIDE COATING 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH  ATQ    ATH    AFX    AFY 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
1..531 
1.692 
1.696 
1.623 
1.518 
1.749 
1.639 
1.578. 
1.535 
1.577 
1.674 
1.537 
1.573 
1.554 
1.582 
1.700 
1.680 
1.628 
1.652 
1.729 
1.577 
1.624 
1.732 
1.641 
1.613 
1.696 
1.606 
1.642 
1.663 
1.673 
1.539 
1.645 
1.592 
1.496 
1.514 
1.642 
1.576 
1.496 
1.564 
1.429 
178.587 
193.087 
195.325 
198.038 
194.688 
192.563 
195.613 
196.863 
196.538 
201.837 
199.175 
203.813 
209.400 
207.113 
199.850 
205.313 
204.900 
206.738 
209.488 
208.087 
208.425 
205.988 
212.762 
203.413 
204.188 
211.387 
212.875 
210.025 
208.850 
204.938 
210.775 
208.488 
208,663 
208.125 
204.313 
207.350 
209.875 
210.762 
211.988 
202.538 
-1.431 
-0.806 
-0.690 
-0.536 
-1.634 
-0.554 
-0.570 
0.508 
-0.258 
-0.268 
0.155 
0.086 
0.763 
0.820 
-0.071 
-0.211 
0.086 
-0.073 
-0.679 
-0.725 
-1.080 
-1.678 
-1.559 
-0.510 
-0.776 
0.176 
0.170 
0.911 
1.299 
2.018 
0.697 
1.640 
1.765 
0.837 
0.667 
0.518 
0.659 
-0.359 
-0.236 
-2.620 
0.583 
0.255 
0.181 
0.297 
-0.834 
-1.649 
-1.373 
-0,799 
-0.658 
-0.489 
-0.516 
-0.738 
0.129 
0.164 
0.436 
1.006 
0.410 
1.160 
0.624 
0.373 
-0.093 
-0.594 
-1.408 
-1.493 
-1.362 
-0.802 
-1.808 
-1.923 
-1.442 
-0.597 
-0.550 
-0.211 
-0.443 
0.388 
0.811 
0.577 
0.490 
0.733 
0.693 
-0.745 
WR 
3.250 
3.250 
3.250 
3.250 
3.250 
4.550 
4.550 
4.550 
4.550 
4.550 
4.780 
4.780 
4.780 
4.780 
4.780 
5.300 
5.300 
5.300 
5.300 
5.300 
6.200 
6.200 
6.200 
6.200 
6.200 
5.650 
5.650 
5.650 
5.650 
5.650 
5.550 
5.550 
5.550 
5.550 
5.550 
4.880 
4.880 
4.880 
4.880 
4.880 
SF   B T S ST 
80.000 
78.000 
85.00 
80.000 
80.000 
80.000 
80.000 
78.000 
73.000 
75.000 
75.000. 
80.000 
75.000 
80.000 
85.000 
78.000 
80.000 
80.000 
75.000 
85.000 
75.000 
70,000 
79.000 
80.000 
76.000 
70.000 
80.000 
75.000 
83.000 
82.000 
70.000 
80.000 
80.000 
80.000 
83.000 
83.000 
66.000 
65.000 
77.000 
72.000 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
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^       DRILL 1: TITANIUM NITRIDE COATING 
APPENDIX 1 (cont'd) 
L ( 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH   ATQ   ATH ■    AFX    AFY     WR     SF   B  T  S  ST 
41 1.570 209.337 -2.138 0.400 6.150 63.000 0 1 0 1 
42 1.594 211.625 -1.048 ' 0.071 6.150 73.000 0 1 0 1 
43 1.585 211.750 -0.629 0.711 6.150 75.000 0 1 0 1 
44 1.627 209.500 -0.471 -0.880 6.150 81.Q00 0 1 0 1 
45 1.591 207.731 -0.731 -1.127 6.150 76.000 0 1 0 1 
46 1.613 212.863 -0.493 -1,171 6.430 70.000 0 1 0 1 
47 1.523 213.238 -0.195 -0.880 6.430 68.000 0 1 0 1 
48 1.551 212.063 0.173 -0.339 6.430 65.000 0 1 0 1 
49 1.539 212.288 0.105 -1.821 6.430 65.000 0 1 0 1 
50 1.539 .212.288 0.105 -1.821 6.430 80.000 0 1 0 1 
51 1.787 210.050 -0.444 -0.818 7.600 75.000 0 1 0 1 
52 1.594 214.200 -0.071 -0.004 7.600 80.000 0 1 0 1 
53 1.547 211.250 -0.595 0.291 7.600 80.0p0 0 1 0 1 
54 1.579 211.712 -1.445 0.008 7.600 80.000 0 1 0 1 
55 1.638 207.688 -0.860 0.351 7.600 80.000 0 1 0 1 
56 1.699 210.837 -1.511 -0.817 6.850 70.000 0 1 0 1 
57 1.549 211.788 0.047 -0.517 6.850 78.000 0 1 0 1 
58 1.643 210.100 0.863 -0.409 6.850 80.000 0 1 0 1 
59 1.657 211.512 -0.074 -0.940 6.850 69.000 0 1 0 1 
60 1.700 210.988 -0.575 -0.412 6.850 75.000 0 1 0 1 
61 1.554 211.600 -1.264 -0.40.6 6.'800 65.000 0 1 0 1 
62 1.573 209.837 -0.316 -0.227 6.800 68.000 0 1 0 1 
63 1.500 210.363 -1.119 0.544 6.800 65.000 0 1 0 1 
64 1.618 212.775 0.234 0.561 6.800 70.000 0 1 0 1 
65 1.489 210.488 -1.484 -1.433 6.800 65.000 0 1 0 1 
66 1.640 212.075 -0.162 -0.868 6.700 75.000 0 1 0 1 
67 1.616 209.000 -0.144 -0.763 6.700 75.000 0 1 0 1 
68 1.628 209.750 0.766 -0.762' 6.700 72.000 0 1 0 1 
69 1.602 211.512 0.484 -0.658 6.700 65.000 0 . 1. 0 1 
70 1.750 216.962 -1.359 -1.224 6.700 63.000 0 1 0 1 
71 1.741 216.087 -0.282 -0.096 6.950 70.000 0 1 0 1 
72 1.^)8 212.987 0.410 -0.676 6.950 68.000 0 1 0 1 
73 1.726 217.913 -0.768 -1.870 6.950 75.000 0 1 0 1 
74 1.748 212.212 -1.230 -0.185 6.950 65.000 0 1 0 1 
75 1.633 215.087 1.186 0.930- 6.950 70.000 0 1 0 1 
76 1.622 214.337 0.943 -0.764 7.080 72.000 0 1 0 1 
77 1.780 214.988 -0.332 -0.729 7.080 70.000 0 1 0 1 
78 1.725 214.913 0.090 0.131 7.080 70.000 0 1 0 1 
79 1.639 213.063 -0.146 -0.667 7.080 78.000 0 1 0 1 
80 1.702 213.900 0.444 -0.721 7.080 68.000 0 1 0 1 
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APPENDIX 1 (cont'd) 
DRILL 1: TITANIUM NITRIDE COATING 
DRILLING FORCE—AVERAGES,'WEAR AND SURFACE FINISH MEASUREMENTS 
NH 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
vATQ...    ATH 
1.678 
1..737 
1.745 
1.692 
1.721 
1.663 
1.622 
1.661 
1.607 
1.738 
1.685 
1.755 
1.534 
1.696 
1.607 
1.655 
1.689 
1.666 
1.647 
1.593 
216.500 
216.637 
215.925 
216.400 
213.225 
213.175 
216.825 
212.725 
216,962 
215.100 
213.500 
212.462 
213.313 
214.788 
215.000 
213.663 
212.788 
213..988 
215.087 
214.375 
AFX' 
-0.387 
-0.030 
0.374 
0.088 
0.621 
-1.100 
0.276 
0..464 
0.041 
0.192 
-0.122 
-0.290 
0.163 
-0.120 
0.346 
1.349 
0.050 
0.159 
1.573 
0.679 
AFY 
-0.618 
-1.204 
-0.562 
-0.300 
-0.808 
-0.388 
-1.154 
-0.719 
0.119 
-0.982 
-1.103 
-0.140 
-0.241 
0.554 
0.276 
-0.674 
-0.811 
-0.434 
-1.176. 
-0.839 
WR 
6.650 
6.650 
6.650 
6.650 
6.650 
7.480 
7.480 
7.480 
7.480 
7.480 
7.970 
7.970 
7.970 
7.970 
7.970 
8.150 
8.150 
8.150 
8.150 
8.150 
SF 
70.000 
70.000 
75.000 
70.000 
.70.000 
70.000 
70.000 
72.000 
71.000 
70.000 
75.000 
70.000 
65.000 
70.000 
75.000 
66.000 
80.000 
70.000 
80.000 
70.000 
B T S ST 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0. 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
V 
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APPENDIX 2 
DRILL 2: TITANIUM NITRIDE COATINGS . 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR ' SF B T s ST 
•1 1.661 186.225 0.135 -0.217 2.750 75.000 0 1 0 1 
2 1.732 •191.587 0.169 -0.776 2.750 85.000 0 1 0 1 
3 1.705 192.538 0.024. -0.251 2.750 80.000 0 1 0 1 
4 1.628 195.550 0.808 -0.639 2.750 80.000 0 1 0 1 
5 1.626 196.462 -,0.322 -0.051 2.750 80.000 0 1 0 1 
6 1.641 197.950 0.520 0.331 3.350 80.000 0 1 0 1 
.7 1.698 196.363 0.311 0.112 3.350 78.000 0 1 0 1 
8 1.623 196.350 0.044 0.701 3.350 78.000 0 1 0 1 
9 1.752 201.325 -1.140 0.182 3.350 70.000 0 1 0 1 
10 1.628 194.738 -0.652 -0.002 3.350 75.000 0 1 0 1 
11 1.755 204.712 -0.706 -0.321 5.0Z0 74.000 0 1 0 1 
12 1.691 200.325 -0.558 0.525 5.020 60.000 0 1 0 1 
13 1.697 203.087 -0.555 -0.053 5.020 70.000 0 1 0 1 
14 1.655 198.413 -0.991 0.250 5.020 70.000 0 1 0 1 
15 1.710 200.925 -1.313 0.657- 5.020 80.000 0 1 0 1 
16 1.567 201.837 0.350 0.103 5.340 70.000 0 1 0 1 
17 1.693 200.950 -0.175 0.133 5.340 80.000 0 1 0 1 
18 1.845 201.350 -0.101 -0.150 5.340 80.000 0 1 0 1 
19 1.804 206.538 0.421 -0.258 5.340 75.000 0 1 0 1 
20 1.490 205.712 -0.044 -0.337 5.340 70.000 0 1 0 1 
21 1.641 210.400 -0.176 -1.203 5.080 65.000 0 1 0 1 
22 1.663 207.400 0.041 -1.519 5.08GT- 70.000 0 1 0 1 
23 1.699 212.075 -0.369 -0.566 5.080 68.000 0 1 0 1 
24 1.598 210.575 0.247 0.282 5.080 70.000 0 1 0 1 
25 1.748 210.863 -1.329 -1.172 5.080 71.000 0 1 0 1 
26 1.738 210.775 -0.043 -0.958 5.500 75.000 0 1 0 1 
27 1.673 207.962 -0.041 -0.718 5.500 85.000 0 1 0 1 
29 1.751 210.500 0.205 -0.722 5.500 75.000 0 1 0 1 
30 1.628 211.200 -0.380 -0.748 5r500 80.000 0 1 0 1 
31 1.744 213.050 0.171 -0.711 5.220 65.000 0 1 0 1 
32 1.730 215.300 0.175 --0.013 5.220 75.000 0 1 0 1 
33 1.731 213.000 -0.268 -1.711 5.22-0 70.000 0 1 0 1 
34 1.779 209.113 0.091 -0.858 5.220 68.000 0 1 0 1 
35 1.669 210.363 -0.265 -0.211. 5.220 78.000 0 1 0 1 
36 1.627 212.000 -0.2.74 0.004 5.250 56.000 0 1 0 1 
37 1.646- 2ir.313 -0.407 0.172 5.250 70.000 0 1 6 1 
38 1.728 210.337 0.091 -1.520 5.250 69.000 0 1 0 1 
39 1.594 211.087 -0.784 -0.640 5.250 80.000 0 1 0 1 
40 1.692 208.725 -0.545 -0.261 5.250 67.000 G 1 0 1 
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APPENDIX 2 (cont'd) 
.  DRILL 2: TITANIUM NITRIDE COATING 
DRILLING FORCES—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
HH ATQ ATH AFX AFY WR SF B T S ST 
41 1.689 214.500 0.314 -0.403 5.900 70.000 0 1 0 1 
42 1.720 . 210.400 0.241 -0.947 5.900 74.000 0 1 0 1 
43 1.766 212.525 -0.685 -0.443 5.900 75.000 0 1 0 1 
44 1.719 216.650 0.292 0.256 5.900 75.000 0 1 0 1 
45 1.675 217.238 -0.101 -1.334 5.900 78.000 0 1 0 1 
46 1.716 214.300 0.272 -0.011 5.150 72.000 0 1 0 1 
47 1.693 212.738 0.931 -0.034 5.150 75.000 0 1 0 1 
48 1.662 215.813 -0.083 -0.405 5.150 55.000 0 1 0 1 
49 1.747 215.300 1.058 -0.804 5.150 70.000 0 1 0 1 
50 ■1.556 214.025 -1.149 -0.244 5.150 55.000 0 1 0 1 
51 1.707 212.725 -0.014 -0.655 5.850 73.000 0 1 0 1 
52 1.505 214.462 -0.445 0.384 5.850 62.000 0 1 0 1 
53 1.611 216.938 0.197 0.573 5.850 72.000 0 1 0 1 
54 1.677 213.975 -0.402 -0.393 5.850 75.000 0 1 0 1 
55 1.628 208.550 -0.288 -0.495 5.850 69.000 0 1 0 1 
56 1.556 212.212 0.530 -1.211 5.700 67.000 0 1 0 1 
57 1.596 210.825 0.951- -0.590 5.700 65.000 0 1 0 1 
58 1.619 212.087 0.661 0.255 5.700 70.000 0 1 0 •1 
59 1.731 211.225 -0.327 -0.348 5.700 70.000 0 1 0 1 
60 1.623 209.500 0.874 -0.192 5.700 63.000 0 1 0 1 
61 1.633 211.325" 0.133 0.424 5.950 65.000 0 1 0 1 
62 1.684 215.163 0.603 -0.679 5.950 70.000 0 1 0 1 
63 1.593 213.188 0.525 -1.012 5.950 60.000 0 1 0 1 
64 1.579 215.363 . 0.825 -0.337 5.950 75,000 0 1 0 1 
65 1.671 214.613 0.130 0.128 5.950 70.000 0 1 0 1 
66 1.612 218.512 0.197 -0.481 6.430 70.000 0 1 0 1 
67 1.644 213.913 0.102 -0.446 6.430 61.000 0 1 0 1 
68 1.610 214.938 -0.665 -0.330 6.430 55.000 0 1 0 1 
69 1.699 214.012 0.180 0.007 6.430 70.000 0 1 0 1 
70 1.652 211.275 -0.422 0.610 6.430 75^000 0 1 0 1 
71 1.632 213.238 0.050 1.291 6.480 66.000 0 1 0 1 
72 1.612 215.012 -0.489 0.148 6.480 65.000 0 1 0 1 
73 1.590 211.438 -0.300 -0.755 6.480 67.000 0 1 0 1 
74 1.584 208.262 -0.364 -0.345 6.480 60.000 0 1 0 1 
75 1.595 212.962 -0.682 -1.291 6.480 60.000 0 1 0 1 
76 1.578 212.962 1.194 -0.388 7.470 59.000 0 1 0 1 
77 1.586. 213.275 -0.339 -0.238 7.470 60.000 0 1 0 1 
78" 1.701 217.725 -0.497 -0.274 7.470 65.000 0 1 0 1 
79 1.665 217.225 -0.694 -0.258 7.470 72.000 0 1 0 1 
80 1.510 216.300 -0.571 0.219 7.470 60.000 0 1 0 1 
z' 
155 
APPENDIX 2 (cont'd) 
DRILL 2: TITANIUM NITRIDE COATING 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR SF   B  T S  ST 
81 1.552 215.188 -0.317 0.427 7.520 50.000 0 1 0 1 
82 1.642 216.200 -0.590 0.125 7.520 69.000 0 1 0 1 
83 1.692 214.200/ -0.185 -0.037 7.520 60.000 0 1 0 1 
84 1.657 212.925 -0.472 -0.107 7.520 59.000 0 1 0 1 
85 1.715 214.488 -0.168 -0.190 7.520 75.000 0 1 0 1 
86 1.751 219.012 0.391 -0.764 7.500 61.000 0 1 0 1 
87 1.648 216.425 0.509 -0.049 7.600 60.000 0 1 0 1 
88 1.711 217.438 0.222 0.000 7.600 60.000 0 1 0 1 
89 1.576 216.512 0.907 -0.550 7.600 60.000 0 1 0 1 
90 1.625 216.538 -0.745 -0.996 7.600 60.000 0 1 0 1 
91 1.688 216.913 0.470 -1.021 9.600 60.000 0 1 0 1 
92 1.604 217.400 -0.656 -0.174 9.600 64.000 0 1 0 1 
93 1.619 '217.575 -0.425 0.204 9.600 60.000 0 1 0 1 
94 1.699 218.000 0.526 -1.284 9.600 55.000 0 1 0 1 
95 1.748 218.475 -1.059 -0*820 9.600 65.000 0 1 0 1 
96 1.554 213.313 -0.133 -0.364 8.-830 60.000 0 1 0 1 
97 1.565 217.550 0.063 -0.410 8.830 70.000 0 1 0 1 
98 1.572 217.337 -0.124 -0.486 8.830 60.000" 0 1 0 1 
99 1.535 211.700 0.982 -0.545 8.830 60.000 0 1 0 1 
100 1.692 218.525 0.735 -1.434 8.830 70.000 0 1 0 1 
101 1.694 223.988 t).888 -0.357 8.830 66.000 0 1 0 1 
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APPENDIX 3 
DRILL 3: BLACK-OXIDE COATING 
DRILLING FORCE-AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR SF  B  T  S  ST 
1 1.546 194.600 -1.350 < ,-0.058 5.300 70.000 1 0 0 1 
2 1.631 200.313 -1.568 -0.727 5.300 60.000 1 0 0 1 
3 1.668 206.775 -0.841 -0.148 5.300 70.000 1 0 0 1 
4 1.613 208.083 -1.639 -0.870 5.300 65.000 1 0 0 1 
5 1.673 209.775 -1.131 -0.228 5.300 78.000 1 0 0 1 
6 1.656 208.575 -1.757 -0.440 . 5.430 65.000 1 0 0 1 
7 1.687 210.212 -0.157 -0.632 5.430 75.000 1 0 0 1 
8 1.645 210.200 -0.626 -0.064 5.430 70.000 1 0 0 1 
9 1.729 212.825 -0.424 -0.009 5.430 80.000 1 0 0 1 
10 1.591 211.038 -0.861 0.095 5.430 80.000 1 0 0 1 
11 1.659 218.225 -1.265 -0.189 6.130 90.000 1 0 0 1 
12 1.730 213.450 -0.834 -0.428 6.130 85.000 1 0 0 1 
13 1.666 213.150 -0.530 -1.241 6.130 80.000 1 0 
1
 0 
1 
14 1.686 211.875 -1.390 -1.718 6.130 82.000 1 0 1 
15 1.685 208.325 -0.622 -0.131 6.130 80.000 1 0 1 
16 1.669 215.813 0.539 -0.135 6.980 75.000 1 0 0 1 
17 1.754 219.188 -1.586 -0.595 6.980 88.000 1 0 0 1 
18 1.647 218.363 -1.011 -0.608 6.980 78.000 1 o. 0 1 
19 1.656 217.938 -0.954 -0.080 6.980 76.000 1 0 0 1 
20 1.771 220.950 -0.502 '-0.514 6.980 84.000 1/ 0 0 1 
21 1.623 222.563 0.437 -1.028 6.150 85.000 0 0 1" 
22 1.799 223.825 -0.305 -0.038 6.150 83.000 /l 0 0 1 
23 1.744 220.137 -1.306 -0.245 6.150 80.000/ ' 1 0 0 1 
24 1.732 .216.450 1.120 -0.210 6.150 85.000/ 1 0 0 1 
25 1.647 217.850 -0.502 0.327 6.150 80.000 1 0 0 1 
26 1.846 224.875 -0.666 -0.379 6.200 80.000 1 0 0 1 
27 1.702 223.413 0.068 -0.647 6.200 79.000 1 0 0 1 
28 1.825 225.313 0.407 -0.098 6.200 90.000 1 0 0 1 
29 1.723 227.462 -0.173 -0.490 6.200 75.000 1 0 0 1 
30 1.689 222.100 -0.719 -0.382 6,200 90.000 1 0 0 1 
31 1.697 224.913 -0.203 -0.888 5.730 73.000 1 0 0 1 
32 1.836 228.225 -0.686 -1.613 5.730 90.000 1 0 0 1 
33 1.704 227.413 -1.317 0.019 5.730/ 
5.73/3 
90.000 1 0 0 1 
34 1.669 223.813 0.063 0,840 90.000 1 0 0 1 
35 1.684 221.512 -0.218 -0.421 5.730 90.000 1 0 0 1 
36 1.729 229.137 -0.171 -0.999 5.980 86.000 1 0 0 1 
37 1.735 224.538 0.771 -1.285' 5.980 90.000 1 0 0 1 
38 1.752 '227.250 0.837 -0.733 5.980 90.000 1 0 0 1 
39 1.756 224.350 0.359 -2.570 5.980 90.000 1 0 0 1 
40 1.779 225.075 0.986 -1.172 5.980 80.000 1 0 0 1 
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APPENDIX 3 (cont'd) 
DRILL 3: .BLACK-OXIDE COATING 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR SF B  T  S  ST 
41 1.723 228.613 0.461 " 
1.062 
-1.088 6.100 85.000 1 0 0 1 
42 1.650 221.762 -0.908 6.100 100.000 1 0 0 1 
43 1.701 223.700 0.872 -0.760 6.100 81.000 1 0 0 1 
44 1.674 224.150 1.053 -0.438 6.100 80.000 1 0 0 1 
45 1.745 222.363 -0.026 -0.510 6.100 82.000 1 0 0 1 
46 1.734 219.813 1.840 -1.011 6.250 88.000 1 0 0 1 
47 1.820 222.250 0.280 0.029 6.250 83.000 1 0 0 1 
48 1.697 217.163 -1.104 -0.582 6.150 80.000 1 0 0 1 
49- 1.686 215.788 -1.474 -1.150 6.150 80.000 1 0 0 1 
50 1.700' 217.800 -0.379 -2.285 6.250 90.000 1 0 0 1 
51 1.798 224.913 -0.411 -0.835 6 .,.400 80.000 1 0 .0 1 
52 1.770 220.688 1.124 -1.114 6.400 82.000 1 0 0 1 
53 1.788 224.712 0.287 -2.010 6.400 85.000 1 0 0 1 
54 1.693. 222.387 -0.784 -1.367 6.400 75.000 1 0 0 1 
:55 1.732 224.600 0.639 -0.552 6.400 80.000 1 0 0 1 
56 1.693 219.212 -0.517 -2.565 5.950 72.000 1 0 0 1 
57 1,743 222.238 -0.517 -1.565 • 5.950 80.000 1 0 0 1 
58 1.716 225.825 -0.910 -1.120 5.950 81.000 1 0 0 1 
59 1.723 220.025 1.350 -1.340 5.950 80.000 1 0 0 1 
60 1.754 227.012 -0.155 -1.378 5.950 80.000 1 0 0 1 
61 1.726 223.988 1.484 -1.535 6.780 87.000 1 0 0 1 
62 1.710 217.887 0.054 -1.862 6.780- 95.000 1 0 0 1 
63 1.738 217.563 0.339 -0.584 6.780 80.000 1 0 0 1 
64 1.637 220.025 1.687 -0.301 6.780 80.000 1 0 0 1 
65 1.741 220.063 0.607. -1.944 6.780 85.000 1 0 0 1 
66 1.708 ■ 223.725 -0.258 -0.080 5.700( 74.000 1 0 0 1 
67 1.762 218.925 0.993 -1.099 5.700 80.000 1 0 0 1 
68 1.769 229.512 1.395 0.089 5.700 80.000 1 0 0 1 
69 1.644 224.738 1.092 -0.230 5.700 85.000 1 0 0 ■1 
70 1.711 225.813 0.094 -1.238 5.700 75.000 1 0 0 1 
71 1.764 228.675 0.191 -0.563 7.080 80.000 1 0 0 1 
72 1.666 230.850 0.819 -0.337 7.080 80.000 1 0 0 1 
74 1.700 228.275 0.882 0.318 7.080 80.000 1 0 6 1 
75 1.674 225,875 0.771 -0.962 7.080 90.000 1 0 6 1 
76 1.694 227.825 1.441 -1.937 6.700 90.000 i 0" 0 1 
77 1.729 225.000 -0.393 -0.648 6.700 70.000 I 0 0 1 
78 1.767 222.938 1.500 -1.475 6.700 80.000 I 0 0 1 
79 1.709 217.288 0.142 -0.558 6.700 80.000 I 0 0 1 
80 1.725 220.337 1.208 -1.729. 6.700 90.000- i 0 0 1 
81 1.760 231.200 1.632 -1.166 6.400 75.000 I 0 0 1 
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APPENDIX 3 (cont'd) 
- DRILL 3: BLACK-OXIDE COATING 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
4 
NH 
81 
82 
83 
84 
85 
86 
87, 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
ATQ 
1.760 
1.715 
1.725 
1.768 
1.764 
1.697 
1.729 
1.683 
1.757 
1.776 
1.614 
1.714 
1.726 
1.780 
1.780" 
1.798 
1.698 
1.662 
1.769 
1.729 
1.732 
ATH 
231.200 
223.600 
224.712 
223.938 
218.000 
217.875 
221.512 
225.025 
228.775 
216.337 
219.350 
218.200 
224.675 
222.425 
221.350 
217.887 
215.600 
218.488 
218.313 
227.313 
224.438 
AFX 
1.632 
0.477 
1.539 
1.095 
1.485 
1.154 
0.846 
1.472 
-0.463 
.0.725 
-0.426 
-0.563 
-1.549 
-1.089 
-1.260 
-0.970 
0.964 
1.076 
2.144 
0.699 
2.444 
AFY 
-1.166 
-0.142 
-0.804 
0.409 
0.034 
-0.535 
-1.654 
-0.215 
-0.925 
2.169 
1.654 
1.629 
-0.059 
-1.175 
=1.626 
2.001 
-1.009 
-0.746 
-0.306 
-0.101 
-0.238 
WR 
6.400 
6.400 
6.400 
6.400 
6.400 
7.280 
7.280 
7.280 
7.280 
7.280 
6.500 
6.500 
6.500 
6.500 
6.500 
7.030 
7.030 
7.030 
7.030 
7.030 
7.030 
SF  B T S  ST 
75.000 
80.000 
85.000 
78.000 
"80,000 
80.000 
87.000 
80.000 
80.000 
80.000 
70.000 
90.000 
80.000 
85.000 
80.000 
83.000 
75.000 
78.000 
84.000 
80.000 
87.000 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
0 0 
0 0 
0 0 
0 0 
o -o 
0 0 
0 
Q 
0 
0 
6" 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
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APPENDIX 4 
DRILL 3: BLACK-QXIDE COATING 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR SF   B  T  S  ST 
1 1.654 222.575 0.002 -0.515 4.500 80.000 1 0 0 1 
2 1.756 230.250 0.542 -0.646 4.500 70.000 1 0 0 1 
3 1.793 232.675 -0.557 -0.089 4.500 70.000 1 0 0 1 
4 1.737 231.288 0.774 -0.192 4.500 75.000 1 0 0 1 
5 1. 706 229.313 -0.010 -0.802 4.500 75.000 1 0 0 1 
6 1.615 233._625:. 0.387 -1.192 5.550 73.000 1 0 0 1 
7 1.737 233.975' 0.797 -0.630 5.550 84.000 1' 0 0 1 
8 1.733 236.150 0.517 -0.848 5.550 83.000 1 0 0 1 
9 1.676 234.600 1.231 -1.028 5.550 87.000 1 0 0 1 
10 1.721 235.900 0.549 -0.514 5.550 78.000 1 0 0 1 
11 1.714 240.875 0.108 -0.977 5.150 78.000 1 0 0 1 
12 1.768 - 240.075 -0.815 -0.806 5.150 75.000 1 0 0 1 
13 1.663 245.375 0.077 -0.56lf 5.150 72.000 1 0 0 1 
14 1.704 245.175 -0.099 -0.371 5.150 70.000 1 0 0 1 
15 1.788 244.087 0.234 -0.523 5.150 70.000 1 0 0 1 
16 i-.698 240.375 -0.264 0.265 5.100 55,000 1 0 0 1 
17 1.670 238.275 0.062 -0.027 5.100 64.000 1 0 0 1 
18 1.707 239.438 0.358 -1.047 5.100 77.000 1 0 0 1 
19 1.670 245.725 -0.134 -0.799 5.100 "77.000 1 0 0 1 
20 1.725 245.837 -0.366 -1.305 5.100 75.000 1 0 0 1 
21 1.789 246.988 0.341 0.084 7.250 75.000 1 0 0 1 
22 1.752 2.40.538 0.808 -0.930. 7.250 70.000 1 0 0 1 
23 1.729 238.688 0.317 -0.25l"~/ 7.250 75.000 1 0 0 1 
24 1.768 240.950 • 01869 -0.845 7.250 70.000 1 0 0 1 
25 1.766 C238.475 -1.321 
-0.765 7.250 64.000 -1 0 0 1 
26 1.744 238.637 -0.953 -0.644 5.770 60.000 1 0 0 1 
27 1.713 244.075 0.325 0.350 5.770 75.000 1 0 0 1 
28 1.738 239.875 -1.000 0.404 5.770 61.000 1 0 '0 1 
29 1.715 240.413 -1.872 0.615 5.770 45.000 1 0 0 1 
30 1.815 241.288 -2.577 0.526 5.770 52.000 1 0 0 1 
31 1.749 238.125 -1.235 -0.625 5.250 60.000 1 0 0 1 
32 1.757 240.363 -0.996 0.001 5.250 60.000 1 0 0 1 
33 1.735 241.050 -0.742 -1.327 5.250 70.000 1 0 0 1 
34 1.737 239.262 -0.444 -0.918 5.250 60.000 1 0 0 1 
35 1.649 238.038 0.926 . -2.285 5.250 80.000 1 0 0 1 
37 1.678 235.125 -0.258 0.962 5.550 90.000 1 0 0 1 
38 1.743 241.000 0.119 0.005 5.550 80.000 1 0 0 1 
39 1.739 240.825. 0.050 -0.415 5.550 75.000 1 0 0 1 
40 1.730" 237.925 0.031 0.149 5.550 77.000 1 0 0 1 
41 1.672 235.350 0.002 -0.044 6.080 75.000 1 0 0 1 
y 
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APPENDIX 4 (Cont'd) 
DRILL 3: BLACK-OXIDE COATING 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
./-- ■— . 
NH ATQ ATH AFX AFY WR SF B T s S' 
42 1.744 240.363 -0.093 -0.334 6.080 75.000 1 0 0 1 
43 1.717 240.837 -0.042 0.411 6.080 75.000 1 0 0 1 
44 1.806 241.137 -1.195 -1.063 6.080 75.000 1 0 0 1 
45 1.775 243.413 -1.643 -0.033 6.080 75.000 1 0 0 1 
46 1.769 248.425 0.039 -0.752 6.300 75.000 1 0 0 1 
47 1.763 240.413 -0.476 -2.063 6.300 70.000 1 0 0 1 
48 1.788 246.212 -0.145 -0.536 " 6.300 70.000 1 0 0 1 
49 1.731 243.675 -1.214 -0.817 6.300 70.000 1 0 0 1 
50 1.775 240.038 -0.416 -2.109 6.300 76.000 1 0 0 1 
51 1.778 243.887 -0.256 -2.645 6.180 75.000 1 0 0 1 
52 1.812 242.288 0.596 -1.213 6.180 78.000 1 0 0 1 
53 . 1.879 244.150 1.545 -1.195 6.180 85.000 1 0 0 1 
54 1.757 248.275 0.666 -0.570 6.180 75.000 1 0 0 1 
J55 1.862 241.550 1.724 -0.562 6.180 78.000 1 0 0 1 
3? 1.774 241.125 0.065 -1.040 6.030 80.000 1 0 0 1 
57 1.772 241.225 0.824 0.103 6.030 78,000 1 0 0 1 
58 1.769 23,8,. 238 0.733 -0.769 6.030 75.000 1 0 0 1 
59 1.811 241.625 01982 0.039 6.030 80.000 1 0 0 1 
60 1.803 246.012 0.994 -1.630 6.030 80.000 1 0 0 1 
61 1.738 251.038 -0.085 -0.076 6.330 88.000 1 0 0 1 
62 1.741 246.288 0.854 -0.863 6.330 77.000 1 0 0 1 
63 1.775 246.525 -0.436 -0.907 6.330 75.000 1 0 0 1 
64 1.666 -245.613 -0.789 -0.206 6.330 65.000 1 0 0 1 
65 1.763 246.363 -0.473 -1.022 6.330 66.000 1 0 0 1 
66 1.787 247.012 0.276 -1.318 6.300 65.000 1 0 0 1 
67 1.830 249.200 -0.739 -0.515 6.300 65.000 1 0 0 r 
68 1.713 246.163 0.481 -2.558 6.300 75.000 1 0 0 1 
69 1.677 244.325 0,127 -1.724 67300 70.000 1 0 0 1 
70 1.810 246.625 0.028 -1.464 6.300 60.000 1 0 0 1 
71 1.802 247.012 0.156 -1.065 6.530 60.000 1 0 0 1 
72 1.718 249.313 1.778 -1.744 6.530 80.000 1 0 0 1 
73 1.690 242.863 2.122 -1.458 6.530 84.000 1 0 0 1 
74 1.671 243.387 1.391 -0.944 6.530 90.000 1 0 0 1 
75 1.751 245.450 1.525 -0.691 . 6.530 86.000 1 0 0 1 
76 1.742 245.600 1.220 -1.436 6.430 72.000 1 0 0 1 
77 1.823 247.938 1.352 -0.732 6.430 75.000 1 0 0 1 
78 1.756 245.413 1.480 -1.013 6.430. 75*000 1 0 0 1 
79 1.783 249.887 1.316 -0.530 6.430" 74.000 1 0 0 1 
80 1.728 247.212 0.624 0.423 ' 6.430 68.000 1. 0 0 1 
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APPENDIX'4 (cont'd) 
DRILL 3: BLACK-OXIDE COATING 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR SF B  T S  ST 
81 1.645 237.663 -0.963 0.422 9.770 75.000 1 0 0 .1 
82 1.745 244.175 -1.009 0.469 9.770 61.000 1 0 0 1 
83 1.745 243.850 -1.362 -1.060 9.770 65.000 1 0 0 1 
84 1.741 245.637 -0.789 -0.078 .9.770 80.000 1 0 0 1 
85 1.645 242.700 -2.365 -2.382 9.770 56.000 1 0 0 1 
86 1.792 245.775 -1.119 1.101 9.950 73.000 1 0 0 1 
87 1.804 244.387 0.344 -0.230 9.950 69.000 1 0 0 1 
88 1.674 244.163 0.226 -0.670 9.95X 73.000 1 0 0 1 
89 1.725 240.637 -0.740 -0.682 9.950 68.000 1 0 0 1 
90 1.803 238.788 0.080 -1.995 9.950 70.000 1 0 0 1 
91 .1.770 240.800 0.039 -1.074 10.900 73.000 1 0 0 1 
92 1.677 242.938 -0.250 -0.663 10.900 66.000 1 0 0 1 
94. 1.797 241.175 -0.030 -2.038 10.900 79.000 1 0 0 1 
95 1.744 239.413 1.094 -1.011 10.900 70.000 1 0 0 1 
96 1.665 239.900' 0.097 -0.863 10.650 80.000 1 0 0 1 
97 1.773 241.250 2.041 -2.553 10.650 75.000 1 0 0 1 
98 1.718 241.637 0.438 -2.210 10.650 70.000 1 0 0 1 
99 1.771 236.950 1.694 -1.676 10.650 76.000 1 0 0 1 
100 1.833 243.050 1.130 -0.301 10.650 75.000 1 .0 0 1 
101 1.848 244.038 1.266 -2.474 10.-650 78.000 1 ^ 0 1 
102 1.782 241.863 0.526 -1.948 10.650 64.000 '■ 1 0 0 1 
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APPENDIX 5 
DRILL 5: BRIGHT FINISH 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH   ATQ ■  ATH     AFX    AFY    WR     SF   B T S ST 
1 1.644 247.938 0.126 -0.531 5.580 70.000 0 0 1 1 
2 1,878 258.112 0.142 -0.179 5.580 71.000 0 0 1 1 
3 1.906 255.550 0.770 -1.183 5.580 73.000 0 0 1 1 
4 1.779 251.050 -0.226 -1.377 5.580 70.000 0 0 1 1 
5 1.852 251.163 .0.570 -Oc-82? 5.580 73.000 0 0 1 1 
6 1.742 248.438 0.544 -0.894 7.930 70.000 0 0 1 1 
7 1.715 248.450 0.506 -0.525 7.930 75.000 0 0 1 1 
8 1.822 249.275 0.121 -1.410 7.930 85.000 0 0 1 1 
9 1.828 252.712 0.664 -1.038 7.930 78.000 0 0 1 1 
10 1.933 256.675 1.037 -0.965 7.930 72.000 0 0 1 1 
11 1.807 252.688 1.026 -1.147 7.480 65.000 0 0 1 1 
12 1.960 261.013 1.169 -0.833 7..480 70.000 0 0 1 1 
13 1.866 254.975 0.874 -1.744 7.480 '75.000 0 0 1 1 
14 1.817 252.887 1.402 -1.816 7.480 75.000 0 0 1 1 
15 1.984 256.825 1.584 -1.384 7.480 75.000 0 0 1 1 
16 1.836 255.175 1.182 -0.789 8.180 75.000 0 0 1 1 
17 1.850 259.788 0.830 -0.920 8.180 60.000 0 0 1 1 
18 1.850 262.513 2.790 -0.951 8.180 75.000 0^ 0 1 1 
19 1.842 266.675 0.955 -1.196 8.180 .70.000 0 0 1 1 
20 1.842 266.675 0.955 -1.196 8.180 75.000 0 0 1 1 
22 1.858 260.225 0.544 -0.108 9.550 77.000 0 0 1 1 
23 1.934 258.325 1.063 -0.993 9.550 80.000 0 0 1 1 
24 1.916 255.750 1.167 -0.444 9.550 67.000 0 0 1 1 
25 1.802 254.400 1.884 -0.839 9.550' ~§5.000 0 o. 1 1 
26 1.858 259.138 1.672 
-1.225 9.700 70.000 0 0 1 1 
27 1.876 259.263 1.898 -0.408 9.700 65.000 0 0 1 1 
28 2.007 257.250 0.574 -0.641 9.700 75.000 0 0 1 1 
29 2.083 256.788 2.208 -0.281 9.700 75.000.. 0 0 1 1 
30 1.839 251.087 1.332 -0.296 9.700 80.000 0 0 1 1 
31 1.750 254.313- 0.315 -1.173 9.220 60.000 0 0 1 ._1 
32 1.763 253.663 0.167 0.830 9.220 80.000 0 0 1 1 
33 1.755 250.650 -1.527 1.431 9.220 68.000 0 0 1 1 
34 1.770 248.863 1.128 -0.039 9.220 85.000 0 0 1 1 
35 1.767 250.900 -0.434 0.482 9.220 70.000 0 0 1 1 
36 1.793 248.637 -1.365 -0.393 8.120 60.000 0 0 1 1 
37 1.990 252.813 -1.057 -0.605 8.120 70.000 0 0 1 1 
■38 1.967 254.750 0.888 -1.862=' 8.120 69.000 0 0 1 1 
39 1.916 251.738 0.938 -1.789 8.120 65.000 0 0 1 1 
40 V792 251.613 1.488 -1.391 8.120 75.000 0 . 0 1 1 
41 1.788 254.363 0.459 -0.068 9.750 70.000 0 0 1 1 
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APPENDIX 5 (cont'd) 
DRILL 5: BRIGHT FINISH 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR SF B T S ST 
42 1.845 251.938 -0.403 0.347 9.750 75.000 0 0 11 
43 1.982 255.637 0.755 -1.440 9.750 75.000 0 0 11 
44 1.946 258.212 0.294 -0.660 9.750 78.000 0 0 11 
45 2.025 257.175 -0.363 -2.011 9.750 75.000 0 0 11 
46 1.765 252.400-0.458 -0.399 .9.650 71.000 0 0 11 
47 1.791 254.363 -0.415 -0.372 9.650 70.000 0 0 1     1 
48 1.976 257.413 -1.000 -0.067 9.650 75.000 0 0 11 
49 2.040 257.875 -0.866 -1.819 9.650 65.000 0 0 11 
50 1.859 255.600 1.052 -1.802 9.650 60.000 0 0 11 
51 1.810 254.700 2.401 0.132 9.800 60.000 0 0 11 
52 1.900 255.675 2.363 -0.883 9.800 65.000 0 0 11 
53 2.089 262.712 2.128 -2.065 9.800 65.000 0 0 1 1 . 
54 1.991 258.413 1.492 -1.377 9.800 70.000 0 0 11 
55 1.931 261.313 0.128 -0.926 9.800 76.000 0 0 11 
56 1.843 260.675 0.342 -0.930 9.450 70.000 0 0 11 
57 2.036 259.950 -0.397 -1.149 9.450 73.000 0 0 11 
58 2.160 263.575 -0.397 -0.990 9.450 75.000 0 0 11 
59 1.939 257.475 0.513 0.637 9.450 75.000 0 0 11 
60 1.974 256.987 0.031 (\;368 9.450 73.000 0 0 11 
61 1.760 260.638 -0.303 -0.145 9.450 70.000 0 0 11 
62 1.843 258.200. -0.511 ,0.042 9.450 60.000 0 0 11 
63 1.783 256.650 -0.004 -0.097 9.450 71.000 0 0 11 
64 2.062 263.575 0.159 -0.898 9.450 73.000 0 0 11 
65 1.077 266.188 0.684 -1.502, 9.450 75.000 0 Oil 
66 1.809 259.450 1.251 -1.089 10.180 63.000 0 0 11 
67 1.846 263.237 1.515 -1.458 10.180 70.000 0 0 11 
68 1.915 261.650 1.915 -2.767 10.180 70.000 0 0 11 
69 1.782 260.362 1.026 -1.268.10.180 65.000 0 0 11 
70 1.819 260.413 1.762 -1.684 10.180 70.000 0 0 11 
71 1.764 270.313 0.730 -1.378 9.880 72.000 0 0 11 
72 1.845 264.837 1.197 01.323 9.880 73.000 0 0 11 
73 1.871 262.813 1.767 -0.731 9.880 75.000 0 0 11 
74 1.804 259.750 0.600 -0.423 9.880 75.000 0 0 11 
75 1.860 260.100 2.502 -0.211 9.880 85.000 0 0 11 
76 1.917 261.688 1.853 -1.324 10.270 85.000 0 0 11 
77 1.833 262.400 0.923 -0.409 10.270 76.000 0 0 11 
78 2.009 267.275 1.513 -0.409 10.270 78.000 0 0 11 
79 1.837 267.100 0.461 -0.027 10.270 77.000 0 0 1 1 
80 1.849 260.000 1.503 0.344 10.270 72.000 0 0 11 
81 l."834 260.688 0.371 0.285 10.270 80.000 0 0 11 
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.APPENDIX 5 (cont'd)"" 
DRILL 5: BRIGHT FINISH 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH   ATQ   ATH     AFX    AFY    WR     SF   B T  S  ST 
82 1.739 265.575 0.041 -0.584 10.270- 70.000 0 0 1 1 
83 1.903 261.612 0.194 -0.274 10.270 71.000 0 0 1 1 
84 1.935 262.850 1.599 -1.617 10..270 75.0Q0 0 0 1 1 
85 1.848 256.663 -0.067 -0.109 10.270 65.000 0 0 1 1 
86 1.721 252.850 0.416 0.278 10.830 70.000 0 0 1 1 
87 1.931 264.038 -0.537 -1.016 10.830 80.000 0 0 1 1 
88 1.781 257.688 -0.433 0.494 10.830 69.000 0 0 1 1 
89 1.810 260.388 0.091 -0.088 10.830 78.000 0 0 1 1 
90 1.840 260.050" -0^769 -0.114 10.830 70.000 0 0 1 1 
91 1.858 256.48.7 0.469 -0.965 10.180 68.000 0 0 1 1 
92 1.837 258.650 0.445 -1.461 10.180 75.000 0 0 1 1 
93 1.954 260.775 2.137 -0.189 10.180 76.000 0 0 1 1 
94 .1*857 256.225 0.996 1.973 10.180 74.000 0 0 1 1 
95 1.987 257.550 0.563 -2.047 10.180 65.000 0 0 1 1 
96 1.970 260.737 0.891 -0.907 10.680 ,75.000 0 0 1 1 
97 1.847 258.263 0.484 -1.169 10.680 75.000 0 0 1 1 
98 1.893 255.175 0.543 -1.256 10.680 78.000 0 0 1 1 
99 1.940 262.475 0.793 -0.986 10.68C 70.000 0 0 1 1 
.00 1.922 258.663 0.836 -0.468 10.680 75.000 0 0 1 1 
.01 1.715 258.663 1.327 0.080 10.680 70.000 0 0 1 1 
.02 1.826 258.975 0.184 0.266 10.680 73.000 0 0 ' 1 1 
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T—' APPENDIX 6 
DRILL 6: BRIGHT FINISH 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH   ATQ   ATH     AFX    AFY    WR     SF   B  T  S  ST 
1 1.545 194.825 1.055 0.399 8.400 80.000 0 0 1 0 
2 1.554 206.450 0.837 -0.408 10.350 70.000 0 Q 1 0 
3 1.686 ' 209.200 0.663 0.325 9.250 60.000 0 0 1 0 
4 1.599 205.150 0.228 0.667 8.980 55.000 0 0 1 0 
5 1.611 202.700 0.164 0.579 9.230 60.000 0 0 1 0 
6 1.554 199.637 0.015 0.823 7.970 60.000 0 0 i 0 
7 1.562 198.962 0.088 0.540 8.300 60.000 0 0 1 0 
8 1.595 201.850 -0.121 0.472 9.280 55.000 0 0 1 0 
9 1.484 200.250 -0.302 0.189 8.530 60.000 0 0 1 0 
10 1.489 201.500 0.323 0.584 9.120 70.000 0 0 1 0 
11 1.555 200.025 0.495 0.445 10.350 69.000 0 0 1 0 
12 1.549 198.438 0.378 0.392 10.350 78.000 0 0 1 0 
13 1.582 200.837 0.340 0.554 10.350 80.000 0 0 1 0 
14 1.624 200.900 0.328 0.501 10.350 70.000 0 0 1 0 
15 1.652 203.163 0.050 0.709 10.350 80.000 0 0 1 0 
16 1.752 206.325 0.153 0.443 10.180 75.000 0 0 1 0 
17 1.876 204.712 0.111 0.898 10.180 70.000 0 0 1 0 
18 1.845 207.038 0.197 0.493 10.180 '75.000 0 0 1 0 
19 1.657 204.975 -0.070 0.449 10.180 55.000 0 0 1 0 
20 1.803 203.212 0.137 0.317 10.180 75.000 0 0 1 ■0 
21 1.626 202.688 0.436 0.325 11.820 65.000 0 0 1 0 
22 1.784 196.688 0.501 0.144 11.820 65.000 0 0 1 0 
23 1.698 204.238 0.581 0.16.1 11.820 75.000 0 0 1 0 
24 1.789 209.113 0.254 0.665 11.820 75.000 0 0 1 0 
25 1.823 206.413 -0.344 0.838 11.820 80.000 0 0 1 0 
26 1.684 211.087 0.375 0.389 11.430 80.000 0 0 1 0 
27 1.760 208.762 0.377 -0.028 11.430 72.000 0 0 1 0 
28 1.744 206.250 -0.065 0.521 11.430 70.000 0 0 1 0 
29 1.658 210.238 0.174 0.110 11.430 74.000 0 0 1 0 
30 1.753 207.075 0.367 0.222 11.430 77.000 0 0 1 0 
31 1.818 208.700 0.490 0.024 13.700 73.000 0 0 1 0 
32 1.713 211.113 0.685 ■0.731 13.700 63.000 0 .0 1 0 
33 1.689 209.988 0.703 0.368 13.700 65.000 0 0 1 0 
34 1.715 211.762 0.692 0.364 13.700 75.000 0 0 1 0 
35 1.698 211.413 0.600 0.522 13.700 60.000 0 0 1 0 
36 1.658 213.075 0.960 0.240 16.170 80.000 0 0 1 0 
37 1.733 210.225 0.653 0.182 16.170 70.000 0 0 1 0 
38 1.870 209.950 0.525 0.267 16.170 80.000 0 0 1 0 
39 •1.766 .208.063 0.535 0.178 16.170 70.000 0 0 1 0 
40 1.738 028.512 0.261 0.112 16.170 70.000 0 0 1. 0 
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APPENDIX 6 (cont'd) 
DRILL 6: BRIGHT FINISH 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH   ATQ   ATH     AFX    AFY     WR     SF  B  T  S  ST 
41, 1.634 208.488 0.323 0.209 16.600 75.000 0 0 1 0 
42 1.719 210.837 0.245 0.456 16.600 75.000 0 0 1 0 
43 1.778 .,209.750 0.015 0.271 16.600 76.000 0 0 1 0 
44 1.753 207.788 0.088 0.301 16.600 78.000 0 0 1 0 
45 1.666 207.637 0.286 0.354 16.600 75.000 0 0 1 0 
46 1.748 207.925 0.130 0.279 17.330 95.000 0 0 1 0 
47 1.753 211.262 0.114 -0.076 17.330 90.000 0 0 1 0 
48 1.690 211.575 0.418 0.244 17.330 70.000 0 0 1 0 
49 1.628 211.262 0.908 -0.266 17.330 62.000 0 0 1 0 
50 1.723 206.663 0.756 0.127 17.330 81.000 0 0 1 0 
51 1.702 206.375 1.240 -0.204 18.850 73.000 0 0 1 0 
52 1.747 204.288 0.949 0.011 18.850 73.000. 0 0 1 0 
53 1.691 207.813 0.662 0.590 18.850 75.000 0 0 1 0 
54 1.727 205.262 0.671 0.737 18.850 75.000 0 0 1 0 
55 1.702 207.575 0.60'7 0.399 18.850 75.000 0 0 1 0 
56 1.624 210.313 0.376 0.538 17.450 75.000 0 0 1 0 
57 1.688 208.863 0.707 0.589 17.450 75.000 0 0 1 0 
58 1.651 213.313 0.360 0.588 17.450'. 70.000 0 0 1 0 
59 1.623 210.850 0.5,25 0.549 17.450 73.000 0 0 1 0 
60 1.685 210.400 0.545 0.663 17.450 73.000 0 0 1 0 
61 1.864 208.688 0.344 0.790 13.680 85.000 0 0 1 0 
62 1.542 ,207.488 0.375 0.649 13.680 70.000 0 0 1 0 
63 1.674 206.313 0.664 0.082 13.680 70.000 0 0 1 0 
64 1.681 207.337 0.372 0.384 13.680 75.000 0 0 1 0 
65 1.694 208.075 0.413 0.132 13.680 73.000 0 0 1 0 
66 1.618 208.988 0.392 0.752 13.700 70.000 0 0 1 0 
67 1.657 209.875 0.303 0.339 13.700 77.000 0 0 1 0 
68 1.643 204.712 0.702 0.182 13.700 72.000 0 0 1 0 
69 1.693 207.637 0.399 0.327 13.700 75.000 0 0 1 0 
70 1.708 210.038 0.545 0.330 13.700 80.000 0 0 1 0 
71 1.753 209.762 0.272 0.382 16.680 83.000 0 0 1 0 
72 1.692 210.863 0.191 0.155 16.680 86.000 0 0 1 0 
73 1.699 210.363 0.453 -0.112 16.680 80.000 0 0 1 0 
74 1.885 209.688 0.489 -0.169 16.680 78.000 0 0 1 0 
75 1.778 209.238 0.479 0.331 16.680 78.000 0 0 1 0 
76 1.732 211.837' 0.319 0.191 17.630 75.000 0 0 1 0 
77 1.805 211.212 0.591 0.318 17.630 80.000 0 0 1 0 
79 1.819 212.375 -0.280 .0.972 17.630 85.000 0 0 1 0 
80 1.738 214.938 0.604 -0.011 17.630 75.000 0 0 1 0 
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APPENDIX 6 (cont'd) 
.DRILL 6: BRIGHT FINISH 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR "   ,SF B T S  ST 
81 1.830 210.425 0.638 -0.091 17.450 85.000 0 0 1 0 
82 1.725 210.188 0.690 0.213 17.450 90.000 0 0 10 
83 .1.841 211.163 0.682 0.100 17.450 80.000 0 0 10 
84 1.680 213.038 0.430 0.319 17.450 80.000 0 0 10 
85 1.614 207.500 0.436 0.079 17.450 75.000 0 0 10 
87 1.713 213.525 0.129 -0.166 16.480 75.000 0 0 10 
88 1.818 211.438 0.672 0.052 16.480 80.000 0 0 1 0 . 
89 1.710 212.025 0.180 0.176 16.480 80.000 0 0 10 
90 1.726 214.887   .   0.241 0.134 16.480 85.000 0 0 10 
91 1.613 210.725 0.311.-0.092 17.200 70.000 0 0 10 
92 1.690 211.025 0.436 -0.064 17.200 80.000 0 "0 10 
93 1.712 214.275 0.696 0.018 17.200 80.000. 0 0 10 
94 1.653 211.462 .1.066 -0.043 17.200 79.000 0 0 10 
95 1.750 211.100 0.500 0.261 17.200 70.000 0 0 10 
96 1.626 210.525 0.407 0.251 16.700 85.000 0 0 10 
97 1.908 213.863 0.552 0.283 16.700 90.000 0 0 10 
98 1.774 213.587 0.181 0.347 16.ZGO 80.000 0 0 10 
99 1.640 212.575 0.392 0.364 16.700 90.000 0 0 1 0 
100 1.799 213.900 0.342 0.366 16.700 80.000 0 0 10 
101 1.6.01 215.000 0.312 0.283 17.700 85.000 0 0 10 
102 1.734 213.650 0.318 0.361 17.700 75.000 0 0 10 
103 /1.734 214.300 0.105 0.525 17.700 80.000 0 0 10 
104 VI.652 214.963 0.295 0.408 17.700 75.000 0 0 10 
105 1.715 215,550 0.524 0.283 17.700 75.000 0 0 10 
106 1.718 213.925 0.311 0.218 17.500 80.000 0 0 10 
107 1.783 214.275 0.242 0.340 17.500 82.000 0 0 10 
108 1.721 212.613 0.094 0.430 17.500 88.000 0 0 10 
109 1.769 211.913 0.434 -0.062 17.500 80.000 0 0 10 
110 1.707 212.350 0.015 0.341 17.500 74.000 0 0 10 
111 1.662 211.850 0.382 0.430 16.550 75.000 0 0 10 
114 1.797 212.825 0.870 0.391 16.550 86.000 0 0 10 
115 1.745 212.975 0.477 0.271 16.550 90.000 0 0 10 
116 1.589 211.512 0.422 0.462 17.930 70.000 0 0 10 
117 1.635 211.475 0.599 0.381 17.930 70.000 0 0 10 
118 1.651 210.462 0.324 0.579 17.930 70.000 0 0 10 
119 1.677 214.688 0.921 0.101 17.930 75.000 0 010 
120 1.722 217.137 1.200 -0.181 17.-930 85.000 0 0 10 
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APPENDIX 7 
DRILL 7: BRIGHT FINISH 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR SF B T s ST 
1 1.507 193.613 0.220 0.134 5.480 55.000 0 0 1 0 
2 1.604 205.512 0.486 -0.229 5.480 75.000 0 0 1 o' 
3 1.757 203.538 0.723 0.044 5.480 56.000 0 0 1 0 
4 1.786 198.625 0.452 -0.087 5.480 75.000 0 0 1 0 
5 1.735 198.300 1.107 0.060 5.480 60.000 0 0 1 0 
6 1.794 194.450 0.386 -0.176 6.930 65.000 0 0 1 0 
7 1.811 203.387 0.869 0.079 6.930 65.000 0" 0 1 0 
8 1.667 200.525 0.530 -0.289 6.930 75.000 0 0 1 0 
9 1.853 198.450 0.405 -0.008- 6.930 73.000 0 0 1 0 
10 1.760 199.500 0.341 -0.083 6.930 65.000 0 0 1 0 
11 1.905 201.712 0.426 0.151 7,030 75.000 0 0 1 0 
12 1.629 198.350 0.558 0.048 7.030 60.000 0 0 1 0 
13 1.779 201.200 0.854 -0.489 7.030 74.000' 0 0 1 0 
14 1.815 202.063 0.482 0.168 7.030 76.000 0 0 1 0 
15 1.735 200.637 1.0.13 -0.625 7.030 61.000 0 0 1 0 
16 1.903 201.425 0.289 -0.295 7.350 60.000 0 0 1 0 
17 1.810 202.425 1.345 -0.07?  7.350 66.000 0 0 1 0 
18 1.746 202.012 0.614 • 0.004 7.350 70.000 0 0 1 0 
19 1.873 201.550 1.483 -0.056 7.350 70.000 0 0 1 0 
20 1.799 202.788 0.439 -0.251 7.350 60.000 0 0 1 0 
21 1.723 204.000 0.825 -0.212 8.250 76.000 0 0 1 0 
22 1.694 201.113 0.762 • 0.005 8.250 70.000 0 0 1 0 
23 1.733 202.050 0.778 0.108 8.250 70.000 0 0 -1 0 
24 1.931 202.038 0.752 -0.086 8.250 73.000 0 0 1 0 
25 1.919 203.087 0.910 -0.029 8.250 65.000 0 0 1 0 
26 1.712 201.962 0.555 0.448 8.000 65.000 0 0 1 0 
27 1.688 204.975 1.269 0*163 •8.000 80.000 0 0 1 0 
28 1.855 202.788. 0.981 -0.072 8^000 78.000 0 0 1 0 
29 1.712 198.988 1.185 0.952' 8.000 56.000 0 0 1 0 
30 1.709 202.488 0.919 -0.008 8.000 63.000 0 0 1 0 
31 1.816 202.675 0.817 -0.166 9.000 70.000 0 0 1 0 
32 1.789 206.550 0.791 -0.216 9.000 75.000 0 0 1 0 
33 1.831 200.788 0.488 0.222 9.000 75.000 0 0 1 0 
34 1.853 201.650 0.460 0.315 9.000 65.000 •0 0 1 b 
35 1.578 203.150 0.776 -0.112 9.000 75.000 0 0 1 0 
36 1.815 209.275 0.237 0.631 9.450 60.000 0 0 1 0 
37 1.832 207.413 0.673 0.459 9.450 80.000 0 0 1 0 
38 1.774 203.512 0.675 0.845 9.450 76.000 0 0 1 0- 
39 1.647 205.075 0.420 0.127 9.450 70.000 0 0 1 0 
40 1.698 201.700' 0.910 '0.302 9.450 72.000 0 0 1 0 
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APPENDIX 7 (cont'd) 
DRILL 7: BRIGHT FINISH 
DRILLING FORCE—AVERAGES, WEAR AND SURFACE FINISH MEASUREMENTS 
NH ATQ ATH AFX AFY WR SF B  T  S  ST 
41 1.750 205.788 0.838 0.483 10.130 73.000 0 0 1 0 
42 2.000 209.950 0.471 -0.087 10.130 75.000 0 0 1 0 
43 1.560 203.613 0.172 0.336 10.130 70.000 0 0 1 0 
44 1.800 203.450 0.975 -0.033 10.130 72.000 0 0 1 0 
45 1.822 203.950 0.662 -0.208 10.130 75.000 0 0 1 0 
46 1.911 202.075 1.338 -0.635- 8.830 73.000 0 0 1 0 
47 1.854 202.413 0.767 0.035 8.830 74.000 0 0 1 0 
48 1.766 204.025 -0.162 -0.293 8.830 60.000 0 0 1 0 
49 1.814 203.025 0.486 -0.024 8.830 80.000 0 0 1 0 
50 1.704 202.175 -0.124 0.379 8.830 65.000 0 0 1 0 
51 1.720 201.988 0.530 0.109 9.450 65.000 0 0 1 0 
52 1.832 204.200 0.668 .  '0.065 9.450 65.000 0 0 1 0 
53 1.831 203.850. 0.172 0.175 9.450 65.000 0 0 1 0 
54 1.775 203.150 0.708 -0.357 9.450 80.000 0 0 1 0 
55 1.897 202.750 0.657 -0.062 9.450 70.000 0 0 1 0 
56 1.683 210.288 0.514 0.207- 25.050 75.000 0 0 1' ' 0 
57 1.847 206.887 1.037 -0.706 25.050 .£5.000 0 0 1 0 
58 1.835 212.875 0.792 -0.300 25.050 69.000 0 0 1 0 
59 26.55 282.800 0.990 -0.171 25.050 56.000 0 0 1 0 
60 2.939 302.888 1.322 -0.105 25.050 60.000 0 0 1 0 
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